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Accumulated damage can degrade material properties, such as conductivity in batteries, 
strength in composites, and barrier effectiveness of coatings.  Self-healing materials have the 
ability to repair or prevent further damage autonomously, where and when it occurs.  Autonomous 
repair can increase the lifetime of materials, thereby reducing the economic and environmental 
impact of material damage and degradation.  A successful strategy for designing self-healing 
materials relies on microencapsulation of liquid healing agents which are dispersed throughout a 
bulk polymer or coating.   
In this work, we explore the use of electrospun core-shell fibers to sequester healing 
chemistry for protective coatings. In coaxial electrospinning, two immiscible liquids are pumped 
through the inner (self-protective core) and outer (polymer shell wall) coaxial needles. A high 
voltage is applied on the needle tips to electrostatically draw out core-shell fibers (submicron size 
in diameter). We have developed a polysiloxane based coating for steel containing two types of 
core-shell fibers.  When the coating is mechanically damaged, the two fiber types release their 
liquid core materials to fill the damaged region, crosslink, and restore the protective coating layer. 
Characterization of fibers and coating include SEM, TEM, confocal fluorescence microscopy, and 
FTIR. A self-healing system containing amine and epoxy chemistry is also developed and some 
advantages and limitations of electrospinning are discussed.  Development of new coatings 
synthesized by core-shell electrospinning will provide corrosion protection to metals, thus 




Another popular self-healing strategy is using microvasculature. Microvascular systems 
employ channels to deliver liquid healing agents to damage sites. One method of fabricating 
microchannels is embedding a degradable fiber into a polymeric matrix or composite and removing 
the fiber (through chemical or thermal processing) to create a channel.  In this research, we study 
two polymer systems for use as sacrificial templates for developing microvasculature. Poly(lactic 
acid) and cyclic poly(phthalaldehyde) fibers are electrospun, embedded into epoxy, and thermally 
or chemically decomposed to remove the fiber and create channels.  Characterization of the fibers 
and their resultant channels include SEM, TGA, and confocal fluorescence microscopy.  
Successful evacuation and filling of channels with fluid is confirmed for both polymer systems in 
different epoxy systems.  Finally, a frontal ring-opening metathesis polymerization system with 
Grubbs’ 2nd generation ruthenium catalyst and cyclic poly(phthalaldehyde) is developed, where 
concurrent polymerization of bulk polymer and decomposition of sacrificial material to produce 
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1.1.  Motivation for Self-Healing Materials 
Accumulated damage can degrade material properties, such as conductivity in batteries, 
strength in composites, and barrier ability of coatings. Self-healing strategies have been explored 
to restore protection to damaged materials [1–9].  Autonomous repair can increase the lifetime of 
materials, thereby reducing the economic and environmental impact of material damage and 
degradation.   
Self-healing strategies for bulk materials and coatings fall into three main categories: a) 
intrinsic, b) microvascular, and c) capsule-based (Fig. 1.1) [5].  Intrinsic systems achieve healing 
through reversible hydrogen bonding [6], metal-ligand bonding [10], or covalent bonding [8].  
Kotteritzsch et al. demonstrated that coatings made from polymers with complementary Diels-
Alder chemistry within the same polymer chain reversibly heal upon thermal treatment [8].  
Although the reversible bonding intrinsic systems can provide multiple healing cycles, external 
intervention (such as thermal treatment of the damaged material) is typically needed to induce 
healing.  In contrast, microvascular systems employ channels to deliver liquid healing agents to 
damage sites [4,11–16].  Toohey et al. demonstrated that a microvascular network integrated into 
a polymeric matrix could be used to heal cracks in a polymer coating over multiple loading cycles 
[11].  Patrick et al. implemented parallel and herringbone vascular architectures in a fiber 
reinforced epoxy composite and showed healing of delamination damage over multiple cycles 
[13].  While microvascular systems can deliver larger amounts of healing agents than 
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microcapsule-based systems, implementing this strategy into preexisting structures can be 
difficult. Capsule-based healing systems have been implemented for a wide range of materials and 
applications [5].  In this strategy, healing agents are encapsulated and dispersed in a matrix.  Upon 
damage the capsules rupture, releasing their contents into the damaged region.  Common capsule-
based sequestration approaches include capsules that react to 1) a catalyst phase that is dispersed 
in the matrix, 2) a second capsule with a complementary chemistry, 3) a latent functionality in the 
matrix, and 4) reactive agents that are phase separated in the matrix [5].  Cho et al. demonstrated 
self-healing of a polymeric coating containing microencapsulated tin catalyst and phase separated 
poly(dimethylsiloxane) [1].  Upon mechanical damage, the capsules released the catalyst into the 
damage zone, which reacted with the phase separated polymer thereby resealing the coating and 
effectively protecting the underlying steel substrate from corrosion.   
Another strategy that lies between microencapsulation and microvasculature is storage of 
healing agent in hollow glass fibers [17–23].  Hollow glass fibers have been used to store epoxy 
healing agents and demonstrated to recover mechanical properties in both glass [17,19,20,22] and 
carbon fiber [17,18,23] reinforced composites.  Williams et al. demonstrated that hollow glass 
fibers filled with epoxy healing agents could restore flexural strength in damaged carbon fiber 
composites [23].  Trask et al. used larger 60 um outer diameter hollow glass fibers with 40 um 
inner diameter filled with two part epoxy system to impart healing on both glass and carbon fiber 
composites [17].  These systems were shown to restore flexural strength, but inclusion of fibers 
reduced the initial flexural strength in the composites and clustering of fibers also affected crack 
propagation behavior.  Damage indication of fiber reinforced composites, specifically for 
interlaminar damage that is difficult to detect, has also been demonstrated by incorporating 
fluorescent dyes within the hollow glass fiber systems [19,20,22].   
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1.2.  Electrospinning 
Electrospun fibers are another promising strategy for storing healing agents in a material 
[3,24–27].  Electrospinning (ES) produces fibers by applying a high voltage to a solution droplet 
that is delivered through a metallic nozzle.  A schematic of the electrospinning process is shown 
in Fig. 1.2. When sufficient surface charge builds up on the droplet, the solution surface is stretched 
and a Taylor cone is formed [28].  As electrical force overcomes the surface energy, fluid jets are 
ejected from the solution surface and accelerate through the electric field.  As the jet travels 
towards the grounded electrode, surface repulsion and jet instability causes the jet to whip around 
and thin, decreasing the diameter of the fiber a few orders of magnitude.  The whipping motion of 
the fluid jet can be seen using high-speed photography under laser illumination (the fluid jet moves 
very rapidly and is difficult to capture photographically, see Fig. 1.3).  During this time, the volatile 
solvent in the solution also evaporates, further thinning the fiber jet.  When the jet reaches the 
grounded surface, the jet is significantly smaller and dries into solid nano- to micron-sized fibers.   
ES typically produces nonwoven fibers in the diameter range of 10 nm to 10 µm [29,30].  ES can 
be used to generate reproducible and uniform size fibers that can be scaled up for mass production.  
Researchers have been demonstrated the use of electrospun fibers for a plethora of applications, 
including glucose biosensors [31,32], membranes [32], tissue engineering scaffolds [33], self-
healing materials [3], and composites [34].   Moreover, a wide range of materials can be processed 
using this method, including polymers, ceramics, and inorganics [29,30,35–41].  The versatility of 
ES allows for tailoring to specific applications by strategic selection of starting materials.  
In coaxial ES, two immiscible liquids are pumped through inner and outer coaxial needles 
to form a core-shell fiber.  Using this modification to ES, the core could be either liquid or solid 
[34,42,43].  For self-healing applications, the inner liquid is the healing agent and the outer liquid 
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forms the encapsulating polymer shell wall.  Coaxial ES can also be used to produce hollow fibers, 
where the core material has been removed by thermal or chemical processing (Fig. 1.4).  Coaxially 
spun materials have been utilized a variety of applications, such as biomedical applications for 
tissue engineering and drug delivery [33,44,45].   
1.3.  Electrospun Fibers in Self-Healing Materials 
The use of ES for encapsulating healing agents has only recently been explored.  Mitchell 
and Keller showed that fibers containing an epoxy healing agent could be synthesized but no 
demonstration of healing ability was discussed [24].  Park and Braun reported a self-healing 
coating system with a two-part polysiloxane based healing system contained in electrospun fibers 
[3].  Upon damage, the healing agents in the fibers wicked into the crack plane.  Although this 
coating system successfully reduced corrosion in a damaged region, the degree of mixing and 
crosslinking reaction between the two healing agents was not evaluated.  Without confirmation 
that the healing agents successfully reacted, the coatings may have only unreacted (liquid) healing 
agents in the damage region, which acts only as a temporary physical barrier between the metal 
substrate and the environment. Electrospinning has also been used to develop flexible transparent 
self-healing coatings for optical devices [46].   
In addition to coatings, electrospun fibers have also been used to add healing functionality 
into composites [25,27,47–49].  Lee et al. reported an electrospun fiber system containing two-
part polysiloxane healing chemistry that recovered mechanical properties (Young’s modulus and 
adhesion) after several cycles of mechanical testing [49,50].  Wu et al. reported a system where 
electrospun fibers containing dicyclopentadience (DCPD) were incorporated between carbon fiber 
plies and processed to make a composite that could recover some mechanical properties after 
damage, due to the reaction of DCPD with the Grubb’s catalyst in the matrix [25].   
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When comparing ES to other conventional methods for encapsulation of healing agents, 
there are some advantages worth noting. First, one of the major advantages of ES is the ability to 
simply use a polymer solution rather than synthesizing the shell wall via in-situ polymerization.  
In-situ polymerization of the shell wall material is often required for conventional 
microencapsulation methods, which limits material selection. Reactive materials, such as amine 
for epoxy healing systems, can interfere with the formation of the shell wall and encapsulation 
process. ES can be used to encapsulate reactive materials that are a challenge to conventional 
microencapsulation methods and thus expand the scope of the materials that can be healed. 
Another advantage of ES is ability to draw healing agents from the fiber to the damage over a 
distance away from the damage area.  As shown in Fig. 1.5, when a material with core-shell fibers 
is damaged, local healing agents will fill the damage. Over time, more healing agent can be drawn 
through the fibers and continue to fill the damage area. In contrast, microcapsule systems only 
release healing agents from individual microcapsules that are ruptured in the damage region. One 
could expect that the geometrical difference would allow a fiber based system to heal larger 
damage volumes than a microcapsule based system of commensurate size.  
1.4.  Electrospun Fibers as Sacrificial Materials 
Electrospun fibers also have significant potential in other autonomous material systems. 
One emerging self-healing strategy is based on materials with internal microvascular architecture, 
where liquid healing agents are delivered to damage sites by a vascular network of channels. One 
method of fabricating microchannels is embedding a fiber into a polymeric matrix or composite 
and removing the fiber (through mechanical, chemical, or thermal processing) to create a channel. 
Manual extraction of metal wires from composites and polymeric matrices is a simple method to 
produce microchannels [51]. However, these mechanical extraction methods are difficult to scale 
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up.   Esser-Kahn et al. introduced the technique of vaporization of sacrificial components (VaSC) 
to create vasculature [52]. A schematic of the VaSC process is shown in Fig. 1.6.  In this work, 
the degradable biopolymer poly(lactic acid) (PLA) was treated with tin (II) oxalate catalyst to 
accelerate thermal depolymerization.  PLA fibers were embedded into a thermoset composite and 
thermally treated, causing the polymer to depolymerize into gaseous monomer that is removed 
under vacuum.  This scalable process creates a network of channels that is the inverse replica of 
the sacrificial template material. The vasculature architectures produced by removing these 
sacrificial templates were subsequently filled with fluids, such as healing agents or other functional 
liquids.  The concept of VaSC was further expanded to more complex geometries and size scales 
by Gergely et al. [53]. In this work, PLA treated with tin catalyst and processed into different 
geometries including: spheres (0D, emulsion/solvent evaporation), fibers (1D, melt spinning and 
electrospinning), sheets (2D, hot press), and 3D printed structures. This work demonstrated the 
versatility of the VaSC technique for producing vascular structures across a wide range of 
geometries and size.   
 Degradable electrospun fibers have been used for various applications, such as dissolvable 
wound dressings and drug delivery [54–57].  The use of degradable electrospun fibers has recently 
been explored to produce materials with microvascular structure [39,58–61].  Czaplewski et al. 
produced elliptical channels by heating electrospinning sacrificial polycarbonate fibers embedded 
in silicon dioxide.  Dissolution of embedded electrospun polytheylene oxide (PEO) fibers in a 
room temperature cure epoxy was shown to produce channels [58]. Bellan et al. used sacrificial 
electrospun PEO fibers to create nanofluidic channels in polydimethylsiloxane (PDMS) and 
showed that fluids could be flowed through from the microfluidic reservoirs through the 
nanochannels [60].  Water soluble polysaccharides (such as sugar and pullulan) have also been 
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electrospun and melt spun for sacrificial fibers [39,59,62].  Core-shell fibers with dissolvable 
liquid core materials have also been used to produce channels in polymeric matrices [39].  Vascular 
materials produced by electrospun fibers have primarily involved dissolution or chemical 
immersion to remove the fiber material.  As chemical removal of sacrificial fibers relies on 
diffusion of chemical species to the degradable material, this method may be not be fast, scalable, 
or easily adapted to other systems due to chemical incompatibility.  Since many commercial 
polymeric materials (such as epoxies) often require thermal processing already and chemical 
treatment to a material may not be practical, exploring thermally degradable polymers would 
advance the sacrificial materials literature. Developments in sacrificial materials can also be 
applied to other fields, such as triggered or controlled release of active agents (e.g. degradable 
polymer could be used as shell wall material for triggered self-healing or controlled drug delivery).  
Control over sacrificial template architectures is important because the vascular 
architecture may impact self-healing performance and other material properties. Alignment of 
electrospun fibers can be easily achieved by careful selection of collector geometry [30,36,63–68].  
Different collector geometries for electrospinning are shown in Fig. 1.7.  A static plate collector 
will produce randomly oriented fibers, while a parallel electrode will uniaxially align the fibers. 
Rotating collectors, such as a rotating disk or mandrel, are other ways of aligning fibers.  Grids 
and other complex geometries have also been used to make more complex patterns.   Some 
examples of fiber alignment is shown in Fig. 1.8.  Production of aligned channels from sacrificial 
polysaccharide fibers has been demonstrated by varying collector geometry [39]. 
1.5. Overview and Outline Dissertation 
 The goal of this research is to explore the use of electrospun fibers for autonomous 
materials. First, a self-healing coating made of electrospun fibers was developed and demonstrated 
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to reduce corrosion on steel. Next, two different polymer systems of degradable electrospun fibers 
were investigated for creation of microvasculature. Lastly, a self-healing electrospun fiber system 
using epoxy and amine chemistry is examined to address some advantages of electrospun systems 
over conventional encapsulation methods to produce self-healing materials.  
 In Chapter 2, electrospun core-shell fibers containing siloxane-based chemistry was 
developed to demonstrate self-healing in a coating. The fibers were synthesized using a coaxial 
electrospinning setup to produce fibers with polymeric shell and liquid healing agent core.  Two 
types of fibers were synthesized to encapsulate a two-part chemistry for siloxane crosslinking.  
Surface and core-shell morphology of the fibers were examined using scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), and confocal laser scanning 
fluorescence microscopy. The effects of experimental parameters on final fiber morphology is also 
discussed. A protocol was developed to fabricate the coatings using alternating layers electrospun 
fibers containing the two-part chemistry.  Self-healing of the electrospun coating was demonstrated 
optically, chemically, and electrochemically. The self-healing coating achieved 88% corrosion 
inhibition efficiency.  
Chapter 3 reports the development of two polymer systems as sacrificial templates for 
creating microvasculature: poly(lactic acid) (PLA) and cyclic poly(phthalaldehyde) (cPPA).  The 
degradable polymers were electrospun and characterized for fiber morphology and thermal 
degradation behavior. A comparison of the thermal degradation behavior of the two polymer 
systems is discussed.  The fibers were embedded into epoxy systems and evacuated to produce a 
vascular network of channels. Successful filling of the vasculature with fluid was demonstrated 
using fluorescence microscopy.  
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The use of electrospun fibers in self-healing coatings is further explored with epoxy/amine 
chemistry in Chapter 4. Commercially available epoxy and amine reactive agents used for 
structural epoxy applications (aerospace-grade composites and coatings) were encapsulated by 
electrospinning. The fiber surface morphology and core-shell structure were examined using 
electron microscopy and fluorescence microscopy. Preliminary coatings were fabricated and 
healing performance was evaluated. Limitations of the coating system is discussed. 















1.6.  Figures 
 
 
Figure 1.1.  Three major strategies for self-healing systems: (a) capsule-based where reactive liquid 
healing agents are contained in polymeric capsules, (b) vascular systems that employ channels to 
deliver liquid healing agents to damage sites, and (c) intrinsic systems that achieve healing through 
reversible chemical bonding [5].   
 
Figure 1.2.  Schematic of electrospinning setup.  The polymer solution is push through a syringe 
and out of a metal needle. The needle is connected to a high voltage power source, which charges 
the solution surface. As enough surface charge accumulates on the droplet, a jet erupts from the 




Figure 1.3.  Image of electrified polyethylene oxide (PEO)-water jet using SLR camera with 
exposure time 1/250 s, b) Trace of the instability region of an electrified PEO-water jet with 
exposure time of 18 ns (scalebar = 1 mm) [69]. 
 
 
Figure 1.4.  TEM (left) and SEM (right) of hollow TiO2 nanofibers produced by coaxial ES and 





Figure 1.5.  Schematic fluid release mechanism of core-shell fibers in a self-healing material. 
When the material is damage, local healing agents from fibers fill the damage area. Over time, 
more liquid healing agents sequester into damage region.  
 
 
Figure 1.6.  (a) Schematic of the vascularization of sacrificial components (VaSC) process and (b) 
chemical reaction of poly(lactic acid) decomposition into gaseous lactide monomer. Solid polymer 
fibers containing a catalyst to accelerate depolymerization is embedded in a matrix. Upon heat 
treatment, the polymer undergoes depolymerization into gaseous monomer, which escapes the 




Figure 1.7.  Various collector geometries for electrospinning: (a) static plate, (b) parallel 
electrodes, (c) rotating disk, (d) rotating mandrel, and (e) grid [67].  
Figure 1.8.  Electrospun fibers aligned in various orientations due to use of different collectors: 
(a) uniaxially aligned (parallel electrode), (b) biaxially aligned (grid/patterned surface), and (c) 





CORE-SHELL FIBERS FOR SELF-HEALING COATINGS* 
 
2.1.  Introduction 
 One of the most common methods to protect metals from corrosion is the application of a 
protective polymer coating.  Once a coating is damaged and the underlying material exposed, the 
protective ability is compromised and corrosion initiates.  Self-healing strategies have been 
explored to restore protection to damaged coatings [1–8], which help increase the lifetime of 
coatings and reduce the economic and environmental impact of corrosion.  One promising method 
for encapsulation of reactive agents in self-healing coatings is electrospun core-shell fibers.  Prior 
literature has demonstrated autonomous healing in coatings containing electrospun fibers, but full 
characterization of the electrospun fiber microstructure and healing performance of the coating is 
lacking.   
In this work, we develop a self-healing coating material with electrospun core-shell fibers 
to protect steel.  We focus our efforts on characterizing the morphology of the electrospun fibers 
and the healing performance of the coating using several microscopy techniques, infrared 
spectroscopy, and electrochemical characterization.  In our coatings, the liquid healing agents are 
contained in two types of fibers, type A and B.  The core material of type A fibers contain a 
stoichiometric mixture of poly(dimethylsiloxane) and crosslinker poly(diethoxysiloxane) (PDES), 
while the core material of type B fibers contain the crosslinking catalyst dibutyltindilaurate 
(DBTL).  When the fibers rupture, the healing agents mix and initiate crosslinking of 
polysiloxanes.  This healing system is chosen due to prior success in repairing bulk materials and 
 
*This chapter is adapted from an article published in Polymer [26].   
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coatings when microencapsulated [7,70,71].  Several microscopy methods are employed to 
characterize these fibers and confirm successful encapsulation of healing agents.  Furthermore, we 
also explore how experimental parameters of ES affect fiber morphology and adjust accordingly 
to eliminate the bead-on-string morphology and produce smooth fibers.  The fibers are embedded 
in a polymer matrix to produce a coating and subsequently damaged to elicit an autonomic healing 
response.  Healing performance is evaluated visually (SEM), chemically (FTIR), and 
electrochemically (linear polarization).   
 
2.2.  Materials and Methods 
2.2.1.  Materials 
Poly(vinyl alcohol) (PVA, 87-89% hydrolyzed, average Mw = 85,000-124,000 g/mol, 
Sigma-Aldrich), silanol terminated poly(dimethylsiloxane) (PDMS, DMS-S21, Gelest), 
poly(diethoxysiloxane) (PDES, PSI-021, Gelest), dibutyltindilaurate (DBTL, Gelest), sodium 
chloride (Sigma-Aldrich), acetone (Sigma-Aldrich), sudan blue (Sigma-Aldrich), coumarin 6 
(Sigma-Aldrich), and silicone conformal coating (KO805A, Miller-Stephenson) were used 
without further purification.  Deionized water (DI H2O) was prepared using a Milli-Q Biocel 
Millipore purification system and had a resistivity of at least 18 MΩ/cm.  Purchased hot rolled 
carbon steel sheets (4.76 mm thick) were sandblasted (180 grit), rinsed in acetone, and sprayed 
with compressed air before use. 
2.2.2. Coaxial Electrospinning  
2.2.2.1.  Preparation of Electrospinning Solutions 
 Two types of core-shell electrospun fibers were fabricated: type A (PDMS) and type B 
(DBTL catalyst).  The core of type A (PDMS) fibers contained a solution of PDMS (main healing 
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agent) and PDES (crosslinking agent). The type A solution was made by mixing 3.2 g of PDMS 
and 2.9 g of PDES, and was allowed to stir overnight before use.  The core material of type B 
(DBTL catalyst) fibers contained the crosslinking catalyst DBTL and was used as received.  The 
shell of both types of fibers was PVA, prepared as an aqueous solution of 20 % by wt. PVA powder 
in DI H2O and stirred for 24 hours before use. 
2.2.2.2.  Electrospinning Conditions 
Our custom-built electrospinning setup is shown schematically in Fig. 2.1.   A portion of 
the PVA shell solution was drawn into a 5 mL syringe and affixed within a syringe pump 
(KDScientific, Model 780101).  The syringe was then connected to a sealed stainless steel coaxial 
needle (Linari Biomedical, Model COAX-2DISP, inner (core) needle: outer diameter (OD)/inner 
diameter (ID) = 0.83mm/0.51 mm, outer (shell) needle: OD/ID = 1.83 mm/1.37 mm) via 
polypropylene luer lock couplings and chemical-resistant poly(vinyl carbonate) (PVC) Tygon 
tubing (OD/ID = 4.76 mm/1.59 mm).  Another syringe was filled with either type A (PDMS) 
solution or type B (DBTL catalyst) liquid and attached to the coaxial needle and a second syringe 
pump in a similar fashion.  The syringe pump flow rates were 6.0 µL/min (shell) and 3.0 µL/min 
(core).  A high voltage power supply (Spellman, Bertan Series 230) was connected to the metal 
needle with an electrode.  For a vertical electrospinning orientation, a 10 x 10 cm steel collector 
plate was mounted 14 cm above the needle and connected to the ground electrode on the power 
supply.  For each coating sample, a new 5 x 5 cm hot-rolled, sandblasted (180 grit) carbon steel 
coupon was attached to the collector using conductive carbon tape.  The voltages used for 
electrospinning were 12 kV (type A) and 15 kV (type B).   Additionally, the effect of varying the 
shell solution flow rate was also studied to optimize core-shell fiber morphology.  The solution 
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flow rate for the shell material was varied from 4 µL/min to 6 µL/min, while all other variables 
remained constant. 
2.2.3.  Characterization of Core-Shell Fibers 
The core-shell fibers were characterized using several microscopy techniques including 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and confocal 
fluorescence microscopy (CFM).  The surface morphology of the core-shell fibers was visualized 
using SEM (FEI/Philips XL30 ESEM-FEG).   The samples were prepared by affixing the ES fibers 
deposited on the steel sheet to a metal stub using conductive carbon tape and then sputtercoated 
with a thin layer of Au/Pd before SEM analysis.  The samples were imaged at an accelerating 
voltage of 3-5 kV.  The core-shell structure was observed via TEM (JEOL 2100 Cryo TEM) and 
CFM (Leica TCS SP2 RBB).  For TEM, the fibers were electrospun onto a steel parallel plate 
collector that resulted in fibers suspended in a 0.5 cm gap in the collector.  A carbon coated copper 
TEM grid was then placed in the gap to gently lift off fibers from the collector onto the grid.  The 
samples were imaged via TEM without further preparation.  For CFM, the solutions for the core 
material were fluorescently dyed before electrospinning.  The dyed core solutions were prepared 
by mixing the dye powder (Sudan blue for type A (PDMS), coumarin 6 for type B (DBTL catalyst))  
with the core material and stirring overnight to produce a 0.01% dyed core solution.  The dyed 
fiber samples were analyzed without further preparation after the fibers were deposited onto the 
steel.  The samples were illuminated with a laser (488 nm) and fluorescence micrographs were 




2.2.4.  Coating Fabrication 
The self-healing coatings were produced by electrospinning alternate layers of fiber type 
A (PDMS) and type B (DBTL catalyst), which were then permanently fixed to steel substrate using 
a silicone binder matrix.  A schematic of the coating fabrication is shown in Fig. 2.2.  For each 
sample, a 5 x 5 cm hot-rolled steel sheet was sandblasted (180 grit), sprayed with air, rinsed with 
acetone, and sprayed with compressed air.  The electrospun fibers were deposited directly onto the 
steel coupon, alternating layer by layer of each fiber type.  The first layer (type B, DBTL catalyst) 
was deposited for 1 hr and then dried in a desiccator for 1 hr.  The process was repeated with type 
A (PDMS) fibers, until 4 layers were deposited to obtain a coating where the order of 
electrospinning was type B, A, B, and A.  Each fiber layer was approximately the same thickness 
(~ 5 µm), since the electrospinning deposition time controls thickness and was kept constant.  A 
silicone binder was spun cast (500 rpm for 60 sec) onto the fibers and cured at room temperature 
for 24 hours to produce the final coating material (thickness ~ 20 µm).  For control experiments, 
coatings containing no fibers (silicone binder only), coating with type A (PDMS) fibers 
(electrospinning time = 4 hr) and silicone binder, and coating with type B (DBTL catalyst) fibers 
(electrospinning time = 4 hr) and silicone binder were produced, and each control type had a final 
coating thickness of about 20 µm.   
For healing experiments, the coating was damaged using a corrocutter (Erichsen Model 
639) with a razor blade tip to produce a 2.5 cm length linear scribe.  The coating was allowed to 
heal at room temperature for 24 hr before further characterization.  These control coatings were 




2.2.5.  Characterization of Coating and Corrosion Inhibition 
2.2.5.1.  Microscopy Analysis of Coating 
Healing performance of self-healing and control coatings was assessed by microscopy 
(SEM), chemical analysis (FTIR), and electrochemical analysis (potentiostat).  For SEM, all 
scribed coatings were mounted onto a metal stub using conductive carbon tape and sputtercoated 
for 70 s to obtain a thin layer of Au/Pd before analysis.  Images of the coating surface were taken 
to visualize healing agent release into the scribed region.  The healed coating was submerged in 
PET ether (solvent for unreacted PDMS) for 15 min, allowed to dry, and then analyzed under SEM 
to visually confirm the crosslinking of the healed region.  A control case was performed by 
comparing the healed coating to a type A (PDMS) fibers only coating.    
2.2.5.2.  Chemical Analysis of Coating 
Chemical analysis of the coatings was performed using Fourier transform infrared 
spectroscopy (FTIR, Perkin Elmer Spotlight 400 with a liquid nitrogen cooled mercury cadmium 
telluride (MCT) linear array detector). Pixel size at the sample plane was 6.25 μm and the spectral 
range collected was 4000–750 cm−1. Spectra were acquired at a 8 cm−1 resolution using an 
interferometer speed of 1 cm/s with a single scan. For each image, 64 scans were averaged per 
pixel and the scan area was variable. The coating samples used for FTIR analysis were electrospun 
fibers on steel without a silicone binder to ensure that contributions to the FTIR data were only 
from the fibers.  Healed regions and undamaged regions on the coating were examined.  FTIR 
spectra of the undamaged region was acquired from a region at least 10 µm away from the scribed 
area.  The fiber samples were analyzed without further preparation.  Neat solutions of the core 
materials (PDMS and DBTL) and a mixture of the two neat solutions (allowed to react for at least 
24 hr) were also analyzed for comparison.   
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2.2.5.3.  Electrochemical Analysis of Coating 
For electrochemical analysis, the coatings were characterized using a linear polarization 
sweep (BioLogic, Model VSP).  The three-electrode system consisted of the coating on steel for 
the working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode.  Each specimen 
was exposed to a freshly prepared aqueous salt solution (5% NaCl, 30 mL total volume) on the 
coated side and immediately connected to the potentiostat.  The samples were allowed to 
equilibrate for 20 min and the voltage was recorded every 0.100 s during this resting period.  The 
final voltage at the end of the resting period was used as the open circuit voltage, Eoc.  The potential 
of the working electrode was from the range of -0.100 V vs. Eoc to 0.100 V vs. Eoc at a rate of 
0.200 mV/s.  The experimental results were plotted as the logarithm of the current vs. the voltage 
of the working electrode (log I vs. Ewe) and then processed using a commercial software (Bio-
Logic EC-Lab Software version 10.34) to obtain a Tafel fit.  The Tafel plot was calculated by 
minimizing the chi-squared (χ2) distribution value.  The corrosion current (Icorr) was determined 
by the intersection of the slopes of the Tafel plot and averaged over 5 samples (a representative 
curve is shown in Fig. 2.11).  Corrosion inhibition efficiency (IE%) was defined by Eq. 2.1, where 
𝐼𝑐𝑜𝑟𝑟
𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the average corrosion current for control coatings with no fibers and 𝐼𝑐𝑜𝑟𝑟
𝑠𝑎𝑚𝑝𝑙𝑒 is the 










         (2.1) 
2.2.5.4.  Visual Analysis of Coatings After Exposure to Corrosion 
The coatings were observed for visual signs of corrosion after prolonged immersion in the 
subjected corrosive aqueous salt solution for electrochemical evaluation.  When linear polarization 
measurements were completed, the coatings were removed from the test chamber and allowed to 
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dry.  The samples were stored for 4 months and images of the coatings were taken using a digital 
camera. 
 
2.3.  Results and Discussion 
 
2.3.1.  Fiber Characterization  
2.3.1.1.  Surface and Core-Shell Fiber Morphology 
Smooth fibers with uniform diameters containing encapsulated healing agents were 
produced from electrospinning.  SEM micrographs (Fig. 2.3a, 2.3d) show that fibers are randomly 
deposited on to the steel substrate and have an average diameter of 300 nm (type A, PDMS) and 
400 nm (type B, DBTL catalyst).  The full distribution of fiber diameters is shown in Fig. 2.4.  
TEM and CFM were performed to verify the core-shell structure.  TEM of individual fibers reveals 
distinctive core-shell morphology (Fig. 2.3b, 2.3e).  Based on the inner core diameter in these 
images, we estimate the volume fraction healing agent is approximately 41% for fiber type A and 
12% for fiber type B.  Hence, we estimate the ratio of A:B available to the crack region to be 7:2. 
CFM images (Figs. 2.3c, 2.3f) confirmed uniform distribution of core material throughout the 
fibers and that most fibers contained core material. 
2.3.1.2.   Control of Fiber Morphology 
Electrospun core-shell fibers reported in the literature are produced in different shapes, 
such as bead-on-string and straight uniform fibers [29,30].  Here, the fiber morphology can be 
controlled by varying the solution flow rate for the shell material.  As shown in Fig. 2.5, lower 
shell solution pumping rates led to the bead-on-string morphology (4.0 µL/min), while a higher 
pumping rate resulted in fibers with uniform diameters (6.0 µL/min).  This trend is consistent with 
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prior work that showed that the spacing between the beads and bead diameter was controlled by 
varying the inner solution flow rate [72].  Fiber morphology can be tailored to specific applications, 
where a certain morphology type may be favored.  For self-healing coatings using coaxially 
electrospun fibers, prior studies [3,24] only utilized the bead-on-string morphology, where the 
healing agent core material was concentrated in discrete regions along a fiber.  We anticipate that 
bead-free fibers will result in more uniform distribution of healing agents and improved healing 
performance.   
2.3.2.  Coating Characterization 
2.3.2.1.  Visual Analysis of Healed Coatings 
Coatings containing self-healing fibers and control coatings with no fibers, i.e. silicone 
binder coating only, were damaged and compared under SEM to inspect for evidence of healing.  
As expected, images of control coatings that did not contain fibers revealed only exposed steel 
substrate in the scribed region (Fig. 2.6a).  In contrast, images of self-healing coatings (Fig. 2.6b) 
showed polymerized material in the damage zones, indicating that the liquid core materials 
contained in the electrospun fibers were released into the damaged region.  Although the healed 
material did not completely fill the entire depth of the damage region, it provided some level of 
protection as long as the exposed metal surface was covered.  We confirmed that the material in 
the damaged region of the self-healing coating was crosslinked PDMS with a solvent rinse. Both 
self-healing samples and control samples with type A (PDMS) fibers only were rinsed in an 
organic solvent for PDMS (PET ether) to remove any unreacted healing agents (PDMS and 
DBTL).  PDMS and PDES will not react without the presence of the catalyst (DBTL) [7,71].  As 
expected, bare steel was observed for the damaged type A (PDMS) coating after solvent treatment, 
(Fig. 2.6e).  In contrast, polymerized material remained present in the damaged region of the self-
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healing coating (Fig. 2.6d).  For comparison, a bare steel sample was also scribed and imaged 
(Fig. 2.7).   
2.3.2.2. Chemical Analysis of Healed Coatings   
FTIR analysis was used to characterize chemical changes that occurred after release of the 
healing agents in the crack plane.  Fig. 2.8 summarizes the chemical analysis of different areas of 
the scribed sample along with the authentic components in the coating for comparison.  FTIR 
samples of the healed and undamaged region were of the electrospun fibers only and did not 
contain the silicone binder to simplify data interpretation.   
The FTIR spectra in the undamaged region (Fig. 2.8a) has the characteristic bands 
corresponding to PDMS and crosslinker PDES from Fig. 2.8b, as well as some contribution from 
the PVA shell wall (–OH stretch at 3300-3400 cm-1).  The presence of PDMS, PDES, and PVA 
peaks is expected since the top fiber layer is composed of type A (PDMS) fibers.  The spectra for 
type A core material solution containing PDMS and crosslinker PDES is shown in Fig. 2.8b.  The 
characteristic C-H stretching of CH3 at 2964 cm
-1, CH3 symmetric deformation of Si-CH3 at 1256 
cm-1, Si-O-Si stretching vibration at 1080 cm-1 and 1012 cm-1, and Si-C stretching and CH3 rocking 
at 862 cm-1 and 792 cm-1 are observed.  The peak values are in agreement with the literature 
[73,74].   
For comparison, the PDMS with PDES solution (Fig. 2.8b) and DBTL catalyst (Fig. 2.8c) 
were simply mixed in a 1:1 ratio and allowed to react for 24 hr.  The FTIR spectrum for the mixed 
solution showed contributions from both healing agents (Fig. 2.8e).   This spectrum can be 
separated into three regions and attributed to the corresponding chemical agent: 2800-2950 cm-1 
(alkyl stretch from DBTL and PDMS), 1300-1750 cm-1 (DBTL), and 790-1260 cm-1 (mostly 
PDMS with some small contribution from DBTL).  The FTIR spectrum from the healed region 
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(Fig. 2.6d) was observed to be very similar to the mixture of PDMS and DBTL (Fig. 2.8e), 
indicating that both types of fibers were released into the damaged region and mixed.   
To determine the difference in the FTIR spectrum between crosslinked and uncrosslinked 
polymer, we collected FTIR spectra from PDMS specimens of different crosslink densities and 
used to compare to the spectrum of the healed coating (Fig. 2.9).   A drop of PDMS and PDES 
was placed next to a droplet of DBTL catalyst, allowed to react for 24 hr, and then spatially 
analyzed with FTIR.  Crosslinking density was determined spatially (PDMS in areas near DBTL 
catalyst would have higher crosslinking) and confirmed by changes in spectral peaks.  FTIR 
spectroscopy showed that increasing crosslink density resulted in an increased wavenumber shift 
for the Si-O-Si peak around 1120 – 1010 cm-1 and Si-C stretching and CH3 rocking around 862 
and 792 cm-1.  The upshift in these and related peaks have been used to track PDMS crosslinking 
in other studies [75].  The presence of a broad range of peaks from 1012-1200 cm-1 indicates that 
the healed region contains several chemical species that vary in crosslinking density.   
2.3.3.  Electrochemical Analysis and Corrosion Inhibition 
The self-healed and control coatings were inspected after exposure to corrosive aqueous 
salt solution during electrochemical testing for visual signs of corrosion.  Optical images of the 
coatings 4 months after exposure to a corrosive environment are shown in Fig. 2.10.  Before 
electrochemical analysis, the scribed coatings had no visual signs of corrosion.  After exposure to 
the corrosive environment, the three control cases containing type A (PDMS) fibers only, type B 
(DBTL catalyst) fibers only, and no fibers all have significant onset of corrosion damage and 
undercutting.  In contrast, the healed coating showed minimal signs corrosion restricted to only 
the scribed region. 
25 
 
The protective performance of the self-healing and control coatings were also evaluated by 
electrochemical analysis.  A schematic of the electrochemical setup is shown in Fig. 2.11.  Linear 
polarization measurements of the healed sample and each of the control cases (no fibers, type A 
(PDMS), type B (DBTL catalyst)) are shown in Fig. 2.12.  The corrosion current increased with 
applied potential.  The corrosion current for healed coatings was significantly lower than the 
control coatings, indicating effective healing behavior and reduction of corrosion.  To quantify 
corrosion inhibition, we determined the corrosion current (Icorr) by extrapolation of the cathodic 
and anodic Tafel lines for each sample.  A representative curve for a control case (no fibers) with 
Tafel extrapolation is shown in Fig. 2.13.  The corrosion current and corrosion inhibition efficiency 
(IE%) are reported for the healed coating and the control cases (Fig. 2.14).   
The corrosion current for the healed coating was 0.17 ± 0.10 µA, an order of magnitude 
less than the control cases.  Using Eq. (1), a corrosion inhibition efficiency of 88% corrosion was 
calculated for the self-healing coating.  The corrosion current values for the control cases were 
1.46 ± 0.32 µA (no fibers), 1.86 ± 0.22 µA (type A fibers only), and 1.24 ± 0.24 µA (type B fibers 
only).  The higher rate of corrosion observed in the type A (PDMS) coatings was attributed to the 
hydrolysis of uncrosslinked PDMS core material, which could lead to partial disintegration of 
coating material [76].   Electrospun PVA nanofibers also have been shown to reduce corrosion for 
aluminum [77], which could explain the slightly lower corrosion rate of the type B (DBTL catalyst) 
coatings as compared to the coatings with no fibers.  Lastly, the corrosion current for an 
undamaged coating was Icorr = 0.002 µA, indicating that the undamaged coating is an effective 





2.4.  Summary  
The self-healing performance of a polymer coating containing electrospun core-shell fibers 
of PDMS based healing agents were characterized via SEM, TEM, and confocal fluorescence 
microscopy.  The beading morphology was controlled by optimization of solution flow rate during 
electrospinning.  Damage initiated by a scribe caused a catalyst-initiated crosslinking reaction of 
poly(dimethylsiloxane) (PDMS) and poly(diethoxysiloxane) (PDES).  Crosslinking of the released 
core materials was verified using FTIR analysis, as evidenced by the broad range of peaks from 
the Si-O-Si bond around 1012-1200 cm-1 shifting 10 to 50 cm-1 higher.  SEM images revealed new 
polymer in the healed region even after a solvent treatment.  Finally, the effectiveness of the healed 
coating towards preventing corrosion was demonstrated using linear polarization experiments, 












2.5.  Figures 
 
 
Figure 2.1.  Fabrication of core-shell electrospun fibers: a) schematic of coaxial electrospinning 
setup, b) schematic of core-shell fibers of PVA (shell, shown in blue) and healing agent (core, 







Figure 2.2.  Schematic of coating fabrication process.  Samples were prepared on clean sandblasted 
steel by 1) electrospinning fibers directly onto steel, 2) depositing a silicone binder to affix fibers 
on steel, 3) scribing the coating with a corrocutter, and 4) allowing the coating to heal for 24 hr 








Figure 2.3.  Evidence of core-shell fiber structure: (a) SEM, (b) TEM, and (c) fluorescence 
microscopy of fibers containing DBTL catalyst core with coumarin 6 fluorescent dye, (d) SEM, 
(e) TEM, and (f) fluorescence microscopy of fibers containing PDMS core with sudan blue 





















Figure 2.4.  Size distribution of fiber diameter for type A (PDMS) and type B (DBTL) fibers.  
Average fiber diameters for type A is 0.306 µm ± 0.088 µm and type B is 0.410 µm ± 0.081 µm.  
Diameters were measured using SEM images and analyzed using ImageJ.  At least 50 fibers were 






Figure 2.5.  Effect of processing parameters on core-shell morphology. SEM and confocal 
fluorescence microscopy images of core-shell fibers electrospun at increasing solution pumping 
rate: (a, d) 4.0 µL/min (shell) and 3 µL/min (core), (b,e) 5.0 µL/min (shell) and 3 µL/min (core), 










Figure 2.6.  Evidence of released material in the damaged region of the coatings. SEM images of 
coatings (48 hours after damage) before and after solvent treatment to remove unreacted healing 
agents.  (a) Control coating without self-healing fibers and only silicone binder is shown for 
comparison.  Before solvent treatment images of (b) self-healing coating and (c) type A (PDMS) 
only control coating.  After solvent treatment, (d) the polymerized healing agents are retained in 












Figure 2.7.  SEM images of (a, b) scribed type A (PDMS) only coating after solvent treatment to 
remove unreacted PDMS and (c, d) scribed bare sandblasted steel.  The scribed region in the PDMS 
coating is similar to the region in the bare steel, indicating that the PDMS coating is revealing bare 




Figure 2.8.  Chemical analysis of damaged region. Summary of FTIR spectra for a) self-healing 
coating in the undamaged region, b) solution of PDMS and PDES, c) neat DBTL catalyst, d) self-
healing coating in the damaged region, and e) mixture of both healing agents (PDMS and DBTL).  
The full spectral range of the FTIR experiments are shown in (1) and the fingerprint region (2) is 




Figure 2.9. FTIR experiment to observe changes in spectra based on amount of crosslinking in 
PDMS.  A drop of PDMS and PDES solution was placed next to a droplet of DBTL on a glass 
slide, schematically shown in (a).  This sample was left undisturbed for 24 hr to minimize mixing 
so that the two drops can be distinguished after FTIR.  (b) FTIR spectra was obtained for regions 
inside the PDMS droplet and across the PDMS/catalyst boundary, and (c) is the spectra of the 
highlighted fingerprint region.  Crosslinking density was determined spatially (PDMS in areas near 




Figure 2.10.  Optical images of healed and control coatings 4 months after exposure to corrosive 
aqueous salt solution during electrochemical characterization.  The healed coating before and after 
corrosion exposure is similar.  The control cases of type A (PDMS) fibers only, type B (DBTL 
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Figure 2.11.  Schematic of linear polarization (electrochemical) setup.  The testing chamber is 
attached onto the coating sample by clamps with a silicone spacer to provide a leak-proof seal.  An 
aqueous salt solution (electrolyte) is placed into the testing chamber to expose the coating to a 
corrosive environment.  The platinum counter electrode and Ag/AgCl reference electrodes are 





Figure 2.12. Electrochemical characterization of coating types. Linear polarization sweep plot of 
current (I) vs. time for coatings containing control with silicone binder only and no fibers (black), 
type A (PDMS) fibers (red), and type B (DBTL catalyst) fibers (green).  The healed coating (blue) 
has a lower corrosion current than any of the control cases.  [Note: Curves are from one 








Figure 2.13.  Linear polarization plot of log |<I>| vs. Ewe of a control case.  The experimental data 
(black) and the Tafel fit (blue) are overlaid for comparison.  The extrapolation of the linear segment 
of the Tafel fit is shown in red.  The corresponding corrosion current (Icorr) is determined by the 







Figure 2.14.  Assessment of corrosion inhibition. Comparison of a) corrosion current (Icorr) and b) 
corrosion inhibition efficiency (IE%) for each coating type: control coating with no fibers, type A 
(PDMS) fibers only, type B (DBTL catalyst) fiber only, and healed coating containing both type 

















ELECTROSPUN FIBERS AS SACRIFICIAL TEMPLATES* 
 
3.1.  Introduction 
 The previous chapter demonstrated the use of electrospun fibers for self-healing coatings. 
Electrospun fibers also have significant potential in other autonomous material systems. An 
emerging self-healing strategy is based on materials with internal microvascular architecture.  In 
this approach, liquid healing agents are delivered to damage sites by a vascular network of 
channels. One method of fabricating microchannels involves embedding a sacrificial fiber into a 
polymeric matrix or composite and subsequent removal of the fibers after curing through chemical 
or thermal decomposition. Esser-Kahn et al. introduced the technique of vaporization of sacrificial 
components (VaSC) to create vasculature [52]. In this work, poly(lactic acid) fibers containing tin 
(II) oxalate catalyst were embedded into a thermoset composite and thermally treated at 200 oC, 
causing the fibers to depolymerize and vaporize [52]. The microvasculature produced by removing 
these sacrificial templates was subsequently filled with fluids, such as healing agents or other 
functional liquids [13,78,79]. 
 Degradable electrospun fibers are already used for applications in dissolvable wound 
dressings, drug delivery, and tissue engineering [54–57].  More recently, degradable electrospun 
fibers have been explored to produce structural materials with vasculature [39,58,59].  Gualandi 
et al. embedded electrospun polyethylene oxide (PEO) fibers in a room temperature cure epoxy  
 
*This chapter is adapted from an article published in Advanced Functional Materials [53], an 
article to be submitted to Chemistry of Materials [80], and an article to be submitted to Advanced 
Materials [81].    
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and showed that PEO could be removed by dissolution in water to produce channels [58]. Water 
soluble polysaccharides have been electrospun and utilized as sacrificial fibers to produce channels 
in epoxy [39,59]. Core-shell fibers with dissolvable liquid core materials have also been used to 
produce channels in polymeric matrices [39].  Vascular materials produced by electrospun fibers 
have primarily involved dissolution or chemical immersion to remove the fiber material.  Gergely 
et al. reported electrospun PLA fiber of 5 µm diameter with smooth surface morphology [53].  
Channels were created after thermal treatment at 200oC of embedded PLA fibers in epoxy 
composites.  Successful evacuation and filling of a channel with a fluid was demonstrated using 
confocal fluorescence microscopy.  Here, we further explore the depolymerization of electrospun 
fibers to produce the vascular architecture.  As epoxies often require thermal processing already 
and chemical treatment to a material may not be practical (diffusion of chemicals to a channel may 
be slow, chemical incompatibility with the matrix material), exploring thermally degradable 
polymers would advance the sacrificial materials literature.  
In this chapter, we investigate two polymer systems for use as sacrificial templates for 
developing microvasculature: poly(lactic acid) (PLA) and cyclic poly(phthalaldehyde) (cPPA).  
PLA was chosen because of its commercial availability and use in other electrospinning literature 
[82].  Moreover, PLA has been investigated for use in another self-healing strategy as sacrificial 
material to produce microchannels in polymeric matrices that could be later filled with reactive 
agents [52,53].   The second polymer of interest is cyclic poly(phthalaldehyde) or cPPA.   This 
material has been utilized in our group for transient electronic packaging and demonstrated to 
degrade under some different environmental conditions, such as acid and heat [83].  The chemical 
degradation mechanism for cPPA and PLA is shown in Fig. 3.1. In this study, PLA and cPPA 
fibers are electrospun, embedded into epoxy, and thermally or chemically decomposed to remove 
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the fiber and create channels.  Fiber morphology is characterized by SEM and degradation 
behavior is characterized by TGA.  We demonstrate that the channels can be filled with liquid 
using confocal fluorescence microscopy. Furthermore, one benefit of electrospinning is the ability 
to control fiber spatial deposition, by selecting an appropriate collector. We show that we can 
control fiber orientation and produce channels that are randomly oriented or unaxially aligned.  
Lastly, we demonstrate vascularization using cPPA electrospun fibers in a frontal polymerization 
system containing dicyclopentadiene (DCPD).   
 
3.2.  Materials and Methods 
3.2.1. Materials 
Trifluoroacetic acid (TFA), tetrahydrofuran (THF), deuterated dimethyl sulfoxide-d6 
(DMSO-d6), boron trifluoride etherate (BF3∙OEt2), and tin ethylhexanoate catalyst were purchased 
from Sigma-Aldrich and used as received.  Anhydrous dichloromethane (DCM, Sigma-Aldrich) 
was obtained from an Anhydrous Solvent Delivery System (SDS) equipped with activated alumina 
columns.  EPON 828 resin, EPIKURE 3233 curing agent, EPIKURE 3300 curing agent (Miller-
Stephenson) were used as received.  o-Phthalaldehyde (o-PA, 98%, Alfa-Aesar) was purified 
according to a literature procedure [84].  PLA powder (Ecorene NW40, ICO polymers) was used 
without further purification.   
3.2.2.   Synthesis of Poly(phthalaldehyde) 
Synthesis of cyclic poly(phthalaldehyde) (cPPA) is performed by a cationic polymerization 
previously described in the literature [85].  The polymerization was carried out in oven-dried 
glassware under N2 atmosphere unless otherwise indicated.  First, o-PA monomer was 
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recrystallized two times according to literature procedure and dried under vacuum overnight [84]. 
Next, purified o-PA (6.00 g, 45 mmol) was dissolved in DCM (54 mL) in a Schlenk flask. The 
solution was cooled to -78℃ and boron trifluoride etherate was added (0.15 mL, 1.2 mmol). The 
solution was stirred for 20 min and then pyridine (1 mL) added. This mixture was stirred for 
another 2 hr and then the product precipitated by pouring into cold methanol (500 mL, 0℃). The 
precipitated polymer was a white solid and further purified by re-dissolving in DCM and re-
precipitation in methanol two more times (yield = 60%).  The polymer product obtained from this 
procedure is poly(phthalaldehyde), herein referred to as cPPA.  
Purified polymer sample (cPPA) was dissolved in THF for molecular weight analysis using 
gel permeation chromatography (GPC).  Analytical GPC was performed with a Waters 515 HPLC 
pump, a Viscotek TDA Model 300 triple detector array, a Thermoseparations Trace series AS100 
autosampler, and a series of 3 Waters HR Styragel columns (7.8’ × 300mm, HR3, HR4, and HR5) 
in THF at 25 °C. The GPC was calibrated using monodisperse polystyrene standards.  GPC 
analysis of cPPA results were Mn=97 KDa and PDI=1.5. Chemical structure of PPA was confirmed 
with nuclear magnetic resonance spectroscopy (1H NMR, Varian 500 MHz spectrometer) in 
DMSO-d6 by comparing with previous literature [85]. 
3.2.3.  Preparation of Electrospinning Solutions 
For cPPA, a solution of 17% by weight cPPA in DCM was prepared by dissolving solid 
cPPA in dichloromethane (DCM) and allowed to stir for 24 hours before use.  For PLA, a 25% by 
weight solution of PLA and tin ethylhexanoate catalyst (5% by weight with respect to PLA) in 
solvent (3:1 by volume chloroform/acetone) was prepared by dissolving the PLA powder and 
catalyst in solvent and allowed to stir for 24 hours before use.  
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3.2.4.  Electrospinning Conditions 
A portion of the cPPA solution was drawn into a 5 mL syringe and fixed within a syringe 
pump (KDScientific, Model 780101).  The syringe was then connected to a 22 gauge stainless 
steel needle using polypropylene luer lock couplings and chemical-resistant poly(vinyl carbonate) 
Tygon tubing.  A high voltage power supply (Spellman, Bertan Series 230) was connected to the 
metal needle with an electrode.  A grounded aluminum collector plate was placed 15 cm above the 
needle tip.  A new sheet of aluminum foil was attached to the collector for each sample.  The 
syringe pump flow rate was kept at 10 µL/min and the applied voltage ranged from 8 kV to 14 kV.  
Electrospinning time was 1 hr for epoxy-fiber composite samples.  PLA fibers were also produced 
using the same experimental conditions.  
3.2.5.  Characterization of Electrospun Fibers 
Electrospun fibers were characterized using scanning electron microscopy (SEM, 
FEI/Philips XL30 ESEM-FEG) to observe fiber morphology.  Samples were prepared by affixing 
the ES fibers on aluminum foil onto a metal stub using conductive carbon tape and then 
sputtercoated with a thin layer of Au/Pd.  The samples were imaged at an accelerating voltage of 
3-5 kV.  Four different voltage conditions were examined (8 kV, 10 kV, 12 kV, and 14 kV) to 
observe the voltage effect on fiber morphology.  The distributions of fiber diameters were analyzed 
using ImageJ software and at least 100 fibers were randomly chosen and measured for each voltage 
condition.  The normal distribution curve line was also determined for each distribution. 
3.2.6.  Thermal Degradation of cPPA and PLA Fibers 
cPPA fibers and cPPA starting material were also characterized using thermogravimetric 
analysis to understand thermal stability.  Thermal gravimetric analyses (TGA) were performed on 
a TA Instruments Q500 TGA equipped with an evolved gas analysis furnace in a nitrogen 
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atmosphere (90 mL min-1). cPPA fibers were analyzed from 25oC to 650oC at a heating rate of 
10oC/min for dynamic experiments.  For isothermal experiments, the samples were heated at a 
10oC/min ramp rate to 10oC below target temperatures, then heated at 5oC/min to target 
temperature to help avoid significant temperature overshoot. PLA fibers were also characterized 
for comparison under the same conditions for dynamic scans, but did not include the second 
heating step (5oC/min) as PLA was not as temperature sensitive as cPPA in this temperature range.  
TGA experiments were also performed for heating steps similar to the epoxy curing profile. The 
cPPA fibers epoxy curing heat treatment was 40oC to 82oC at 10oC/min, isothermal hold at 82oC 
for 90 min, 82oC to 121oC at 10oC/min, isothermal hold at 121oC for 90 min and the PLA fibers 
in epoxy curing heat treatment was 25oC to 80oC at 3oC/min, isothermal hold at 80oC for 120 min, 
80oC to 125oC at 2oC/min, isothermal hold at 125oC for 180 min. The heating steps for PLA fibers 
extended the isothermal hold time longer than in the actual heating time for epoxy-fiber samples 
to observe if there was significant change in weight loss at these elevated temperatures.   
3.2.7.  Acid Degradation of cPPA Fibers 
3.2.7.1.  Visual Characterization of Fiber Degradation 
The cPPA fibers were visually evaluated for degradation upon exposure to acid both 
macroscopically (optical images) and microscopically (SEM).  A 2 cm x 2 cm square of cPPA 
fibers was placed on a glass slide and used as for acid degradation studies.  A drop of TFA was 
added to the cPPA fiber mat and allowed to react and evaporate for 15 min.  Images of the sample 




3.2.7.2.  Chemical Characterization of Fiber Degradation 
Depolymerization of cPPA fibers in acidic conditions was confirmed by nuclear magnetic 
resonance spectroscopy (1H-NMR, Varian 500 MHz spectrometer).  cPPA fibers and cPPA 
starting material, with addition of 30 𝜇L trifluoro acetic acid (TFA), were dissolved in DMSO-d6, 
respectively.  For control experiments, cPPA fibers and cPPA starting material were dissolved in 
DMSO-d6 without acid and analyzed using NMR.  
3.2.8.  Electrospun Fibers as Sacrificial Templates for Vascular Network 
3.2.8.1.  Vascularized Epoxy Specimen Fabrication 
The PLA and cPPA fibers were embedded in an epoxy matrix to create vascularized 
composite specimens as shown schematically in Fig. 3.2. A mat of electrospun fibers was placed 
onto a glass slide. Next, 0.5 mL of epoxy was poured onto the fiber mat and another glass slide 
was placed on top to cover the sample.  cPPA fibers were embedded in both room temperature 
cured and oven cured epoxy.  The room temperature cured epoxy consisted of EPON 828 resin 
and EPIKURE 3233 hardener at a 100:43 mix ratio by weight and cured at room temperature for 
48 hr.  The oven cured epoxy system consisted of EPON 828 resin and EPIKURE 3300 hardener 
at a 100:22.7 mix ratio by weight; cured at room temperature overnight, 82oC for 1.5 hr, and 121oC 
for 1.5 hr.  The samples were then freeze-fractured for cross-sectional analysis and observed under 
SEM.  To observe the acid degradation of cPPA fibers in epoxy, we immersed the epoxy-fiber 
composites in TFA on the freeze-fractured edge for 5 sec prior to SEM observation.  PLA fibers 
were collected using a parallel plate collector, resulting in uniaxially aligned fibers. PLA fibers 
were only embedded in EPON 828 resin and EPIKURE 3300 hardener system.  The PLA epoxy-
fiber samples were heated to cure the epoxy (82oC for 1.5 hr and 121oC for 1.5 hr) and then heated 
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to remove the PLA (200oC for 24 hr in vacuum).  The PLA epoxy-fiber samples were freeze-
fractured using liquid nitrogen and transverse to the fiber direction.  
3.2.8.2.  Fluorescence Imaging of Filled Channels 
Confocal fluorescence microscopy (CFM, Leica TCS SP8 RBB for PLA and FROMP 
cPPA samples and Zeiss LSM 880 for cPPA in epoxy samples) was used to observe complete 
evacuation of fibers to form a network of channels in epoxy.  Freeze-fractured samples were 
immersed in an aqueous solution of 0.01% rhodamine dye and placed in a bell jar under vacuum 
overnight.  The dyed samples were characterized with CFM at a 543 nm laser excitation and 
fluorescence micrographs were collected 570-670 nm.  A z-stack series was also collected and 
used to render a 3-dimensional image of the channels.  Samples of FROMP DCPD with cPPA 
fibers were infiltrated with 0.01 % nile blue in H2O and imaged with CFM at 633 nm laser 
excitation and fluorescence micrographs were collected at 654 nm – 726 nm.   
3.2.8.3.  Frontal Polymerization with cPPA Fibers 
 Electrospun cPPA fibers were also investigated as a sacrificial template material for rapid 
creation of vascular networks in a frontal ring-opening metathesis polymerization (FROMP) 
system using dicyclopentadiene (DCPD).  The FROMP reaction of DCPD is exothermic and 
generates sufficient heat at the polymerization front to decompose cPPA.  As the exothermic heat 
(propagation front) moves along the sample, both polymerization of DCPD and decomposition of 
cPPA occurs, as depicted in Fig. 3.3.  The FROMP solution contained DCPD (monomer), a 
Grubbs’ 2nd generation ruthenium catalyst, an alkyl phosphite inhibitor (to extend pot life), and 
was prepared as described in literature [86].  The chemical reaction of the FROMP of DCPD is 
shown in Fig. 3.4.   The electrospun cPPA fiber mat was sandwiched between glass plates with a 
polyurethane spacer and then the FROMP solution mixture was poured onto the fiber mat.  The 
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resin was allowed to gel for 18 hours to form a fiber-FROMP gel composite that could be handled.  
The fiber-gel composite was removed from the mold and a hot soldering iron tip was placed at one 
end of the sample.  Upon contact to heat, frontal polymerization was initiated and the cPPA fibers 
were degraded to form a cured poly(DCPD) sample with included microchannels.  The vascular 
structure of the FROMP samples was observed using a similar procedure as the fiber-epoxy 
samples previously mentioned (see section 3.2.8.1) using freeze fracturing and SEM.  
 
3.3.  Results and Discussion 
3.3.1.  Size Distribution and Morphology of cPPA and PLA Electrospun Fibers 
Electrospinning was used to produce electrospun fibers that were smooth with uniform 
diameters, as shown in Fig. 3.5a, 3.55b (cPPA) and Fig. 3.5c, 3.5d (PLA).  The average diameters 
of the cPPA fibers produced at different applied voltages were 0.38 µm ± 0.22 µm (8 kV), 0.25 
µm ± 0.14 µm (10 kV), 0.20 µm ± 0.10 µm (12 kV), and 0.21 µm ± 0.10 µm (14 kV).  The average 
diameters of the PLA fibers produced at different applied voltages were 6.13 µm ± 3.80 µm (8 
kV), 5.67 µm ± 4.33 µm (10 kV), 3.15 µm ± 2.11 µm (12 kV), and 3.17 µm ± 2.24 µm (14 kV).  
The distribution of fiber diameters and normal distribution curve line for each voltage setting is 
shown in Fig. 3.6 for cPPA and Fig. 3.7 for PLA.  Table 3.1 is a summary of the cPPA and PLA 
fiber diameter at different voltage conditions.  As the applied voltage increased, the fiber diameter 
decreased and the size distribution became more narrow and standard deviation decreased. This is 
consistent with other studies [87].  Although the increase from 12 kV to 14 kV produces a small 
increase in average fiber diameter (7 nm for cPPA and 0.02 µm for PLA), this change lies within 
the error range and may not be significant.  While cPPA and PLA were electrospun under similar 
conditions (voltage and flow rate), the fiber diameter for cPPA is approximately an order of 
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magnitude smaller than PLA fibers. Aside from electrospinning parameters, fiber morphology also 
depends on the polymer solution properties such as viscosity [67,88–90], solvent [91], and 
conductivity [89,92].  While we did not fully explore the various solution properties, we expect 
that the difference in observed fiber diameter may be due to these properties. 
3.3.2.  Thermal Degradation of cPPA and PLA Electrospun Fibers 
TGA was used to study the degradation of cPPA and PLA fibers upon heating.  As shown 
in Fig. 3.8, cPPA fibers remained stable until 100oC, which is near the boiling point of DCM 
(103oC).  The major weight loss began around 110oC and plateaued at 130oC, resulting in a less 
than 1% mass remaining.   This weight loss is attributed to the depolymerization of cPPA into its 
monomer o-phthalaldehyde and subsequent vaporization of monomer.  The cPPA starting material 
also exhibited similar thermal behavior, where the weight loss began around 110oC and plateaued 
at 200oC.  The similarity in the TGA traces indicate that the electrospinning process did not 
significantly impact the thermal stability of the cPPA polymer.   
Electrospun PLA fibers without added catalyst did not degrade until 320oC and plateaued 
around 370oC with a 1% mass remaining.  With the addition of 5% tin ethylhexanoate catalyst, the 
PLA fibers began degrading at 200oC and plateaued around 275oC with 2% mass remaining.  cPPA 
fibers degrade at significantly lower temperatures and with slightly less residual mass remaining 
than PLA fibers. 
Isothermal TGA experiments were performed to further examine the degradation kinetics 
of the electrospun fibers (Fig. 3.9a).  For cPPA, three temperatures were investigated (90oC, 
100oC, 110oC). At 90oC, the cPPA fibers show very little degradation after 120 min (approx. 92% 
weight remaining). However, at slightly higher temperatures, we observe a dramatic change in 
thermal behavior with degradation at a 100oC isothermal hold starting in 22 min (36 min including 
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ramp time).  For the 110oC isothermal experiment, we observe degradation starting before target 
temperature is reached (significant degradation starts around 106oC), approx. 53% weight 
remaining when target temperature is reached, and almost complete degradation within 11 min 
from the start of degradation (24 min including ramp time).  
For PLA fibers, isothermal TGA was conducted at 200oC only.  As shown in Fig. 3.9b, we 
observe very little change in weight loss (approx. 3%) for PLA fibers without catalyst.  For PLA 
fibers with 5% tin ethylhexanoate catalyst, degradation began when the target temperature (200oC) 
was reached and required approx. 100 min, with 3% weight remaining.   
3.3.3.  Acid Degradation of cPPA Fibers 
Morphological changes after acid exposure of cPPA fibers were observed optically and by 
SEM.  Fig. 3.10 contains images of cPPA fibers before and after acid exposure.  Before acid 
exposure, the cPPA fibers form a dense white fiber mat (Fig. 3.10a). SEM shows that these fibers 
are randomly oriented (Fig. 3.10c).  Upon acid exposure, the fiber mat degrades into small, white, 
round spots on the glass (Fig. 3.10b).  SEM images reveal only residue remaining (Fig. 3.10d).  
NMR was used to chemically verify the depolymerization of cPPA fibers upon acid 
exposure.  The NMR spectra for cPPA fibers (before and after acid addition), cPPA starting 
material (before and after acid addition), and o-PA monomer are plotted together for comparison 
in Fig. 3.11.  For the cPPA fibers, we observe peaks in the δ 6.5 – 7.7 ppm region that correspond 
to the polymer (Fig. 3.11a).  The cPPA fiber spectra is similar to the cPPA polymer starting 
material spectra (Fig. 3.11c) and also agrees with literature [85].  We also see some small peaks at 
δ 7.8 – 8.0 ppm and δ 10.47 ppm, which correspond to o-PA (Fig. 3.11e), and indicate a small 
amount of residual monomer is present in the polymer.  After the addition of 30 µL of acid to the 
cPPA fibers, we observe only monomer peaks in the NMR spectra (Fig. 3.11b).  Similar behavior 
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is also observed for cPPA starting material after acid exposure (Fig. 3.11d).  These results suggest 
that the electrospun cPPA fibers decompose into monomer upon the addition of acid, similarly to 
the cPPA starting material. 
3.3.4.  Electrospun Fibers as Sacrificial Templates for Vascular Networks 
3.3.4.1.  cPPA 
Electrospun fibers were investigated for use as a sacrificial template for producing 
microchannels within epoxy.  Two different epoxy systems were studied to understand the 
behavior of cPPA fibers at different thermal conditions within an epoxy matrix.  cPPA fibers were 
embedded into each epoxy system and cured according to manufacturer’s recommendation.  A 
schematic of the sample fabrication process is shown in Fig. 3.2.  SEM images of the cPPA 
fiber/epoxy composite before and after acid exposure is shown in Fig. 3.12.  In a room-temperature 
cured epoxy system, cPPA fibers remain intact and can be seen in the cross-sectional SEM image 
(Fig. 3.12a).  When the cPPA fiber/epoxy composite is briefly exposed to acid, the fibers degrade 
and leave microchannels in the epoxy where the cPPA fibers previously had been located.  In 
contrast, for the oven cured epoxy system, acid exposure is not needed to degrade the cPPA fibers 
and produce microchannels.  Rather, microchannels are observed simply after the cPPA 
fiber/epoxy composite samples are oven cured at 82oC for 1.5 hr and 121oC for 1.5 hr (Fig. 3.12c).  
Acid exposure of the oven cured sample did not show any noticeable visual changes (Fig. 3.12d).  
To better understand the behavior of cPPA fibers during the heating cycle of the oven cure epoxy 
samples, we performed addition dynamic TGA on cPPA fibers with the same heating profile as 
the epoxy curing conditions.  As shown in Fig. 3.13a, cPPA fibers remain stable during the initial 
heating step (82oC) and the major weight loss occurs during the second heating step (121oC).  
Hence, the epoxy cures and solidifies around the cPPA fibers during the room temperature stage, 
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cPPA fibers remain intact during the 82oC heating step, and cPPA fibers degrade in the final 
heating step at 121oC.  The cPPA fibers degrade at low enough temperatures that channels are 
formed during the epoxy curing process rather than needing to be further processed to remove the 
fibers.  Moreover, the cPPA samples did not require a vacuum environment for successful 
evacuation, in contrast to PLA fibers.  
Evacuation of cPPA fibers was confirmed by filling the resultant channels with fluorescent 
dye and observing the samples using confocal fluorescence microscopy.  The fluorescence 
micrograph shows filled channels with diameters around 370 nm (Fig. 3.14), which agree with the 
size of cPPA fibers obtained from SEM images.  A z-stack series of confocal image slices were 
obtained and used to render a 3-dimension image of the channel network (Fig. 3.15).  
Microchannels can be observed throughout the sample and appear as distinct, separate channels.  
Producing interpenetrating network of channels may be possible in the future by modifying the 
fibers so that they are connected to each other (such as by solvent welding) before embedding into 
epoxy. 
3.3.4.2.  Frontal Ring-Opening Metathesis Polymerization (FROMP) with cPPA Fibers 
 Electrospun cPPA fibers were also investigated as sacrificial templating materials in 
another polymer system.  Robertson et al. developed a frontal ring-opening metathesis 
polymerization (FROMP) system using dicyclopentadiene (DCPD) [86].  This FROMP system 
utilizes an autoactivating reaction to rapidly convert monomers to polymer using a small thermal 
stimulus (such as contact with a soldering iron).  The heat stimulus activates the initiator and 
triggers an exothermic polymerization reaction that can further active more initiator and generate 
a propagating reaction wave front.  We were interested in utilizing the exothermic heat generated 
by this frontal polymerization to decompose cPPA, allowing polymerization of the structural 
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polymer and vascularization to occur concurrently.  Fig. 3.16 shows SEM micrographs of a cross 
section of frontally polymerized poly(DCPD) with evacuated cPPA channels and cPPA fibers prior 
to incorporating into the FROMP composite.  We observed clear evacuation and round channels 
formed in the resulting poly(DCPD).  The samples were also infiltrated with fluorescent dye and 
imaged using CFM to show filling of the channels.  In Fig. 3.17, the edge of a sample is imaged 
showing fluorescence in the channels.   
3.3.4.3.  PLA 
PLA epoxy-fiber samples were first processed to cure the epoxy (82oC for 1.5 hr and 121oC 
for 1.5 hr) and then thermally processed to remove the PLA (200oC for 24 hr in vacuum). The PLA 
samples were freeze-fractured to observe a cross-section of the sample.  SEM images show 
evacuation of PLA fibers to form channels in epoxy (Fig. 3.18). The microchannels are round and 
do not appear to have residual fiber material, which suggests complete evacuation. The PLA fibers 
were collecting using a parallel plate collector to uniaxially align the fibers and we observe that 
the resulting channels are aligned as well. Successful evacuation was further confirmed by filling 
the channels with fluorescent dye and observing the samples using CFM, similarly to the cPPA 
samples.  Aligning the fibers allows us to image individual channels in the sample. The CFM 
image shows the filled channel and 3-dimension rendering of the fluorescence image of the channel 
(Fig. 3.19).  In contrast to the heating profile of cPPA, the PLA fibers remain thermally stable 
during the epoxy heating process as shown in Fig. 3.13b. The TGA trace of PLA during the epoxy 
curing steps show very little weight loss (approx.. 7% weight loss).  
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3.4.  Summary 
 Electrospun fibers of two different polymers were investigated as sacrificial template 
materials for creating microvasculature networks in epoxy.  PLA and cPPA fibers were electrospun 
and control of fiber diameter size was demonstrated. The electrospun fibers were characterized via 
SEM and thermally using various TGA experiments.  cPPA fibers were found to degrade at 100oC 
in 30 min and less than 10 min at 110oC.  In contrast to previously reported PLA fibers, cPPA 
fibers degrade at significantly lower temperatures and with faster degradation time.  cPPA fibers 
were also characterized for degradation visually and chemically using NMR.  Channels were 
produced by embedding fibers into epoxy and evacuating the fibers either by heat or acid treatment. 
Successful evacuation was confirmed by SEM of freeze fractured cross-sections of the epoxy 
samples and fluorescence imaging of dye-filled channels.  Lastly, concurrent polymerization of 
the polymer matrix and decomposition of cPPA fibers to generate vasculature in a frontal ring-






3.5.  Figures and Tables 
 
Figure 3.1.  Chemical mechanism of a) cyclic poly(phthalaldehyde) degradation into ortho-








Figure 3.2.  a) Schematic of epoxy fiber composite fabrication process and b) SEM cross-section 











Figure 3.3.  Schematic of FROMP with a sacrificial fiber.  The exothermic heat of FP propagates 
through the sample and polymerizes the DCPD matrix and decomposes the sacrificial fiber 




Figure 3.4.  Chemical reaction for frontal ring-opening metathesis polymerization (FROMP) of 
dicyclopentadiene (DCPD) [86].  The reaction involves DCPD, a Grubbs’ 2nd generation 






Figure 3.5.  SEM images of electrospun poly(phthalaldehyde) fibers (a, b) and poly(lactic acid)  
fibers (c, d).  Fibers were electrospun from 17 % PPA in DCM at an applied voltage of 15 kV and 









Figure 3.6.  Size distribution of cPPA electrospun fiber diameters produced at various voltages.  










Figure 3.7.  Size distribution of PLA electrospun fiber diameters produced at various voltages.  As 









Table 3.1:  Summary of cPPA and PLA fiber diameter 
Voltage cPPA PLA 
8 kV 0.377 µm ± 0.220 µm 6.13 µm ± 3.80 µm 
10 kV 0.251 µm ± 0.139 µm 5.67 µm ± 4.33 µm 
12 kV 0.200 µm ± 0.096 µm 3.15 µm ± 2.11 µm 
















Figure 3.8.  Thermal degradation of cPPA and PLA electrospun fibers.  Representative TGA of 
electrospun cPPA fibers and cPPA starting material compared with PLA fibers with and without 









Figure 3.9.  Degradation of electrospun fibers at constant temperature.  Isothermal TGA of 











Figure 3.10.  Acid degradation of electrospun cPPA fiber mat.  Optical images of electrospun cPPA 
fibers a) before and b) after exposure to trifluoroacetic acid (TFA).  SEM images of corresponding 











Figure 3.11.  NMR spectra of a) cPPA electrospun fibers, b) material remaining from fibers after 
acid treatment; c) cPPA starting material, d) material remaining from cPPA polymer after acid 











Figure 3.12.  SEM images of epoxy-fiber composite cross-section a) before acid treatment in room 
temperature cured epoxy, b) after acid treatment in room temperature cured epoxy, c) before acid 









Figure 3.13.  TGA of a) electrospun PPA fibers in epoxy curing heat treatment (40oC to 82oC at 
10oC/min, isothermal hold at 82oC for 90 min, 82oC to 121oC at 10oC/min, isothermal hold at 
121oC for 90 min) and b) electrospun PLA fibers in epoxy curing heat treatment (25oC to 80oC at 
3oC/min, isothermal hold at 80oC for 120 min, 80oC to 125oC at 2oC/min, isothermal hold at 125oC 











Figure 3.14.  Confocal fluorescence microscopy image of evacuated cPPA fiber channels filled 
with fluorescent dye 
 
 
Figure 3.15. 3-dimensional rendering of confocal fluorescence microscopy images of evacuated 




Figure 3.16.  SEM images of (a, b) cPPA fibers used for making frontal ring-opening metathesis 
polymerization (FROMP) samples and (c, d) cross-section of FROMP DCPD samples showing 










Figure 3.17. Confocal fluorescence image of frontally polymerized poly(DCPD) sample with 
evacuated channels from electrospun cPPA fiber filled with fluorescent dye (nile blue in H2O).  
  
 
Figure 3.18. SEM cross section of freeze fractured epoxy channels made from evacuated PLA 
fibers. PLA fibers were embedded into Epon 828/Epikure 3300 resin system and cured at 82oC for 
90 min, 121oC for 90 min, and then transferred to a vacuum oven for removal of PLA material and 




Figure 3.19. Confocal fluorescence images of evacuated PLA fiber channels in epoxy filled with 




















ELECTROSPUN CORE-SHELL FIBERS WITH REACTIVE CORES 
 
4.1.  Introduction 
An important self-healing system is based on epoxy/amine healing chemistry [5,93,94].  
This two-part healing system involves the ring-opening reaction of the epoxide function group by 
the amine, causing crosslinking between the epoxy and amine components, and resulting in a 
solidified polymer that heals the damaged material.  However, encapsulating amine chemistry is 
rather difficult with conventional microencapsulation methods.  In a typical microencapsulation 
procedure, active material (such as amine) is suspended in water, surfactants, and oligomers 
(molecules that will later form the capsule shell wall) to create a microemulsion.  Then, a 
crosslinking agent or catalyst is added to the mixture to initiate the in-situ polymerization at the 
interface of the active material droplet to form a capsule shell wall.  However, when amine is 
present in the encapsulation mixture, the amine interferes with the interfacial polymerization 
reaction and precluding formation of a stable shell wall.   
Although amine capsules have been synthesized by alternate methods (such as inverse 
emulsion and hollow capsule infiltration), amine stabilization remains a challenge and 
microcapsule yield is low [94,95].  A schematic of the hollow capsule infiltration process and 
optical images of capsules are shown in Fig. 4.1.  Capsules produced through infiltration are 
limited to large diameters and the processing is not scalable.  Other self-healing systems that utilize 
the epoxy/amine healing chemistry are limited to mixing latent amine in the matrix or 
microvascular approaches [13,93].  One of the major advantages of ES is the ability to use a 
polymer solution rather than synthesizing the shell wall via in-situ or interfacial polymerization.  
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This capability circumvents the issue of amine interfering with the polymerization and shell wall 
formation during encapsulation.   
 In this chapter, we develop two types of core-shell electrospun fibers containing amine and 
epoxy healing agents, respectively. The healing agents are commercially available and chosen for 
application in structural composites and coatings.  The electrospun fiber surface morphology is 
characterized using SEM.  The core-shell morphology is confirmed using TEM and confocal 
fluorescence microscopy.  Three-dimensional rendering of confocal fluorescence microscopy is 
included to show the distribution of healing agent in an electrospun fiber mat. TGA is performed 
to characterize thermal degradation and weight percentage of healing agent in the fibers.  Release 
of healing agent from the fibers is demonstrated using confocal fluorescence microscopy. 
Incorporation of these fibers into a coating is also discussed, as well as some limitations on coating 
fabrication. 
 
4.2.  Materials and Methods 
4.2.1.  Materials 
Polystyrene (PS, Mw = 280,000 g/mol), dimethylformamide (DMF), poly(vinyl alcohol) 
(PVA, Mw = 85,000 – 124,000 g/mol, 87-89% hydrolyzed), nile red, neutral red, fluorescein, Spurr 
epoxy embedding kit were purchased from Sigma-Aldrich and used as received. Epikure 3274, 
Epon 813, and Epodil 742 were purchased from Miller-Stephenson and used as received. 
Deionized water (DI H2O) was prepared using a Milli-Q Biocel Millipore purification system and 
had a resistivity of at least 18 MΩ/cm.  Purchased hot rolled carbon steel sheets (4.76 mm thick) 
were sandblasted (180 grit), rinsed in acetone, and sprayed with compressed air before use. 
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4.2.2.  Coaxial Electrospinning 
4.2.2.1.  Preparation of Electrospinning Solutions 
Two types of core-shell electrospun fibers were fabricated: type A (amine) and type B 
(epoxy).  The core of type A (amine) fibers contained neat Epikure 3274 and was used as received. 
For experiments involving confocal fluorescence or visual color change (capsule crush 
experiments), a dye (nile red for fluorescence imaging and neutral red for capsule crush) was added 
to the Epikure 3274 amine.  The core material of type B (epoxy) fibers contained a solution of 
epoxy and epoxy diluent.  The type B solution was made by mixing 8 g of Epon 813 and 2 g of 
Epodil, and was allowed to stir overnight before use.  The shell of type A fibers was PS, prepared 
as a solution of 16 % by wt. PS powder in DMF and stirred for 24 hours before use.  The shell of 
type B fibers was PVA, prepared as an aqueous solution of 8.5 % by wt. PVA powder in DI H2O 
and stirred for 24 hours before use. 
4.2.2.2.  Electrospinning Conditions 
We use a custom-built electrospinning setup as discussed in Chapter 2.   A portion of the 
polymer shell solution (PS for type A, PVA for type B) was drawn into a 5 mL syringe and affixed 
within a syringe pump (KDScientific, Model 780101).  The syringe was then connected to a sealed 
stainless steel coaxial needle (Linari Biomedical, Model COAX-2DISP, inner (core) needle: outer 
diameter (OD)/inner diameter (ID) = 0.83mm/0.51 mm, outer (shell) needle: OD/ID = 1.83 
mm/1.37 mm) via polypropylene luer lock couplings and chemical-resistant poly(vinyl carbonate) 
(PVC) Tygon tubing (OD/ID = 4.76 mm/1.59 mm).  Another syringe was filled with either type A 
(amine) solution or type B (epoxy) liquid and attached to the coaxial needle and a second syringe 
pump in a similar fashion.  The syringe pump flow rates were 5.0 µL/min (shell) and 3.0 µL/min 
(core).  A high voltage power supply (Spellman, Bertan Series 230) was connected to the metal 
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needle with an electrode.  For a vertical electrospinning orientation, a 10 x 10 cm steel collector 
plate was mounted 15 cm above the needle and connected to the ground electrode on the power 
supply.  The voltages used for electrospinning were 14 kV (type A) and 15 kV (type B).    
4.2.3.  Characterization of Core-Shell Fibers 
The core-shell fibers were characterized using several microscopy techniques including 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and confocal 
fluorescence microscopy (CFM).  The surface morphology of the core-shell fibers was visualized 
using SEM (FEI/Philips XL30 ESEM-FEG).   The samples were prepared by affixing the ES fibers 
deposited on the steel sheet to a metal stub using conductive carbon tape and then sputtercoated 
with a thin layer of Au/Pd before SEM analysis.  The samples were imaged at an accelerating 
voltage of 3-5 kV.  The core-shell structure was observed via TEM (JEOL 2100 Cryo TEM) and 
CFM (Zeiss LSM 880 and Leica SP8).  For TEM, the fibers were electrospun onto a steel parallel 
plate collector that resulted in fibers suspended in a 0.5 cm gap in the collector.  A carbon coated 
copper TEM grid was then placed in the gap to gently lift off fibers from the collector onto the 
grid.  The samples were imaged via TEM without further preparation.  For CFM, the solutions for 
the core material were fluorescently dyed before electrospinning.  The dyed core solutions were 
prepared by mixing the dye powder (nile red for type A (amine), fluorescein for type B (epoxy)) 
with the core material and stirring overnight to produce a 0.01% dyed core solution.  The dyed 
fiber samples were analyzed without further preparation after the fibers were deposited onto the 
steel.  The samples were illuminated with a laser (458 nm) and fluorescence micrographs were 
collected at 637-678 nm for type A (amine) and 540 - 673 nm for type B (epoxy).  
Thermogravimetric analysis (TGA, Mettler-Toledo, TGA/DSC 1) to understand thermal stability 
and determine weight % of healing agent of the electrospun fibers.  To observe release of core-
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materials, a glass slide was placed on top of a fiber mat containing amine fibers and force was 
applied to manually crush the fibers.   The crushed sample was imaged within minutes of crushing.  
4.2.4.  Coating Fabrication 
 Amine and epoxy core-shell fibers were incorporated into an epoxy coating.  The coatings 
were produced by electrospinning layers of fiber type A (amine) and type B (epoxy), which were 
then permanently fixed to steel substrate using epoxy coating.  The epoxy coating mixture was 
prepared by mixing Spurr embedding epoxy according to manufacture recommendation, and 
allowing the mixture to degas for 30 mins. before using.  The coating is fabricated in similar 
process as reported in Chapter 2 (see Fig. 2.2).  For each sample, a 5 cm x 5 cm hot-rolled steel 
sheet was sandblasted (180 grit), sprayed with air, rinsed with acetone, and sprayed with 
compressed air.  The electrospun fibers were deposited directly onto the steel coupon.  The first 
layer (type A, amine) was deposited for 10 mins. and then dried overnight.  The process was 
repeated with type B (epoxy) fibers with electrospinning time of 2.5 hr.  The amine fiber layer is 
~ 30 µm and the epoxy fiber layer is ~ 20 µm.  The epoxy coating was spun cast (500 rpm for 60 
sec) onto the fibers and cured at room temperature for 48 hours to produce the final coating 
material (thickness ~ 50 µm).  For healing experiments, the coating was damaged using a 
corrocutter (Erichsen Model 639) with a razor blade tip to produce a 2.5 cm length linear scribe.  
The coating was allowed to heal at room temperature for 24 hr before further characterization.  
Fabrication of coatings using other binder material, such as silicone binder (from Chapter 2), was 
also attempted.   
4.2.5.  Crush Testing with Amine Fibers and Epoxy Capsules 
 Amine fibers were also tested with epoxy capsules to demonstrate release.  Amine fibers 
were electrospun with a pH indicating dye (neutral red) that changes from yellow (pH > 8) to red 
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(pH < 6.8).  The color change is used to indicate consumption of amine and thus epoxy/amine 
reaction (epoxy curing), as depicted in Fig. 4.2.   Epoxy capsules were synthesized using an 
emulsion polymerization technique as describe by an established literature protocol and graciously 
provided by Dr. Wenle Li [96].  The sample was prepared by electrospinning amine fibers directly 
onto an aluminum coupon, epoxy capsules were deposited onto the amine fiber mat, and then 
sample containing amine fiber and epoxy capsules was placed between two glass slides and 
manually crushed (schematic of process is shown in Fig. 4.3).  Optical images of the crushed 
samples were taken with a DSLR camera.    
 
4.3.  Results and Discussion 
4.3.1.  Fiber Characterization 
 Smooth core-shell fibers were produced containing encapsulated healing agent from 
electrospinning. Most amine fibers were uniform diameter along the fiber, however some had a 
beaded structure.  Amine core-shell electrospun fibers are approx. 3 µm in diameter and smooth, 
as seen in the SEM micrograph (Fig. 4.4).  Using the SEM images, we can measure the diameters 
of the fibers (avg. diameter = 3.0 µm ± 0.8 µm) and construct a size distribution profile, shown in 
Fig. 4.5.  Most fiber diameters are in the 1.0 µm to 5.5 µm range.  TEM was used to confirm 
presence of core-shell structure (Fig. 4.6).  Based on TEM image analysis, the shell wall thickness 
of PS-amine fibers is approx. 300 µm.  Fibers containing fluorescently dyed core material were 
observed by confocal fluorescence microscopy.  Fluorescence microscope images reveal that the 
core material is present inside and along the fiber (Fig. 4.7a).  Fluorescence micrographs were 
compiled to construct a three-dimensional rendering of the fiber mat (Fig. 4.7b).  
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 Thermogravimetric analysis was performed to examine the thermal degradation behavior 
of the core-shell fibers. Fig. 4.8 shows that in a TGA experiment, PS-amine fibers slowly lose 
weight upon heating from 30oC to 170oC, which is attributed to solvent evaporation (boiling point 
of DMF is 153oC).  Around 180oC, a major weight loss step occurs (about 60% weight loss) and 
is attributed to the decomposition of core material, which is similarly observed in neat amine 
healing agent (shown in red).  The amine fibers remain relatively stable from 260oC to 390oC. 
Around 395oC, the final weight loss step occurs (about 25% weight loss) and is attributed to the 
decomposition of the shell material, which displays similar behavior to PS fibers containing no 
core material.  Based on TGA analysis, we calculate the fibers to contain 70% amine healing agent 
by weight.  
SEM images of epoxy fibers show a dense mat of fibers with mostly uniform diameter and 
some larger fibers with beading (Fig. 4.9a, 4.9b). For comparison, PVA (shell material only) fibers 
were also electrospun and SEM images (Fig. 4.9c, 4.9d) indicate that the fibers are all uniform 
diameter (no undulation along the fiber axis).  Diameters of the fiber mats were measured and a 
size distribution plot was constructed (Fig. 4.10).  The average diameter of epoxy fibers was 0.39 
µm ± 0.15 µm and larger then solid  PVA (shell material only) fibers were 0.27 µm 0.03 µm.  The 
wider range of diameters observed in the epoxy fibers (in comparison to fibers without epoxy) is 
attributed to the amount of epoxy encapsulated during the electrospinning process.   Core-shell 
morphology was confirmed by TEM (Fig. 4.11).  Based on TEM image analysis, the shell wall 
thickness is approx. 34 nm.  Confocal fluorescence images of epoxy fibers containing fluorescently 
dyed healing agent show encapsulated epoxy (Fig. 4.12).  TGA was performed on PVA-epoxy 
fibers to see thermal degradation behavior (Fig. 4.13).  PVA-epoxy fibers lose weight upon heating 
from 80oC to 110oC, which is attributed to solvent evaporation (boiling point of water is 100oC).  
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The next major weight loss is from 250oC to 380oC, resulting in 75% weight loss.  The PVA-epoxy 
fibers continue to slowly degrade above 400oC.  The decomposition temperature of PVA (shell 
material) and epoxy (core material) are similar (around 290oC to 350oC).  PVA-epoxy fibers have 
similar decomposition temperatures to the component materials and as such it is difficult to 
quantify the amount of each component present in the fibers.     
4.3.2.  Release of Healing Agent 
 To observe release of liquid healing agent, confocal fluorescence microscopy of fibers 
containing dyed core material was performed. A fiber mat was manually crushed with a glass slide 
to rupture the fibers.  Fig. 4.14 shows the confocal fluorescence micrographs of a core-shell fiber 
mat before and after crushing. Prior to damage, fluorescence is observed in discrete fibers. Upon 
damage, fluorescence is observed throughout the sample and the linear features (attributed to fiber 
shell wall material) have less fluorescence. Fluorescence images confirm the ability of the core-
shell fibers to release healing agent upon mechanical damage.  
4.3.3.  Coating Fabrication and Evaluation 
  Fabricating coatings with epoxy and amine fibers proved to be a greater challenge than 
simply adapting the fabrication process reported in Chapter 2.  In Chapter 2, the polymer shell 
material for both types of fibers was the same: poly(vinyl alcohol).  As such, when selecting a 
compatible binder/coating material, we need only to consider chemical compatibility with 
poly(vinyl alcohol).  However, for the amine and epoxy fiber system, we have two different 
polymer shell materials: poly(vinyl alcohol) and polystyrene.  The solvents for both of these 
polymer shell wall materials are rather different: poly(vinyl alcohol) is water soluble and insoluble 
to most organic solvents, while polystyrene is insoluble in water and soluble in most organic 
solvents.  Thus, selecting a binder material that would be chemically compatible with both polymer 
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materials was a challenge.  Many commercial binders/coatings contain organic solvents (e.g. 
toluene and xylene), such as the silicone binder used in Chapter 2.  While those materials would 
be compatible with the poly(vinyl alcohol) shell of the epoxy fibers, the solvents readily 
disintegrate the poly(styrene) shell wall of the amine fibers.  A mat of PS-amine fibers was placed 
into a solution of silicone binder and the mat disintegrated within minutes.  Thus, when the silicone 
binder was applied to a coating containing PS-amine fibers, the fibers disintegrated and a poor 
coating was observed.   As many coating systems rely on evaporation of water or organic solvents 
to form a coating, many commercial products were incompatible with our fiber system.   
 In an effort to find a coating material with little to no solvent, we explored epoxy based 
coatings with reactive chemistries.  Spurr embedding epoxy was used because of its low viscosity, 
which helps with infiltration of the fiber network.  Coatings containing self-healing fibers with 
Spurr epoxy were scratched to observe healing.  SEM images of a coating scratched and allowed 
to heal for 24 hr are shown in Fig. 4.15.   Bare steel is observed in the scratched region, indicating 
healing agents are not migrating to the damage area.   We hypothesize that there may not be 
sufficient healing agent encapsulated in the fibers to fill the damage area.  One challenge in 
fabricating coatings was synthesizing fiber mats of sufficient thickness. Electrospinning of PS-
amine fibers was stable and within 10 minutes can produce a ~ 40 µm thick mat.  However, 
electrospinning of PVA-epoxy fibers was not as stable and took 2.5 hr to produce a mat of similar 
thickness as PS-amine.  Moreover, PVA-epoxy fibers had some variation in epoxy encapsulation 
across samples.  Fig. 4.16 shows some confocal fluorescence microscopy images of PVA-epoxy 
fibers.  In these fluorescence micrographs, we observe less epoxy healing agent than in Fig. 4.12, 
yet these samples were electrospun for approximately the same amount of time (20 min).   
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Future work for electrospun epoxy and amine fiber coating systems include optimization 
of epoxy fibers for higher core material encapsulation.  Another potential direction is development 
of a new core-shell fiber system with epoxy core material using different materials.  For epoxy 
fibers, several polymers were screened as potential shell materials, including poly(vinyl alcohol), 
poly(vinyl pyrrolidone), and poly(styrene).  Only fibers using poly(vinyl alcohol) as a shell wall 
material produced promising results.  One important material selection criteria for successful 
electrospinning is immiscibility of the shell wall material and the core material.  However, the 
epoxy core material is readily soluble in many organic solvents, which limit the polymers that can 
be used as shell wall material.  A different direction for synthesizing epoxy core-shell fibers could 
also include using a three-layer electrospinning needle to produce fibers with inner core of epoxy, 
middle layer of a polymer immiscible to epoxy, and outer shell wall of a material compatible with 
the coating binder material (i.e. a polymer with solubility more similar to the PS-amine fibers).   
4.3.4.  Crush Testing with Amine Fibers and Epoxy Capsules 
The electrospun PS-amine system is reliable and can produce thick coatings.  The yield of 
the electrospun PS-amine system is higher than the other electrospun core-shell fiber systems 
reported in this dissertation (PS-amine can produce ~ 40 µm thick fiber mat in 10 min, whereas 
PVA-PDMS and PVA-DBTL systems produced 5 µm in 1 hr).  As such, we were interested in 
exploring the amine fibers further.  In an effort to show the self-healing potential of amine fibers, 
we investigated the use of amine fibers with epoxy capsules.  Epoxy capsules of 125 - 180 µm 
diameter containing a commercial epoxy resin (EPON 813) were synthesized using an established 
emulsion polymerization method.  Epoxy capsules and amine fibers were manually crushed 
together between glass slides.  After two days, we observed the emergence of a red color from 
released core material (Fig. 4.17).  The red color is attributed to the consumption of amines, 
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indicating reaction between the amine and epoxy healing agents.  This result is promising and 
shows that amine fibers could have potential use as a self-healing material, when incorporated into 
a system that contains sufficient encapsulated epoxy healing agents.  
 
4.4.  Summary 
 Two types of electrospun fibers were developed for use as self-healing components for an 
epoxy based material. Electrospun PS fiber containing amine core material were mostly smooth 
and had an average diameter of 3.0 µm and PVA fibers containing epoxy healing agent had both 
smooth and beaded fiber with average diameter of 0.39 µm.  Surface morphology is characterized 
using SEM. Core-shell structure is confirmed using TEM and confocal fluorescence microscopy. 
Release of healing agent from fibers upon mechanical damage is demonstrated using confocal 
fluorescence microscopy. Amine and epoxy fibers are incorporated into a coating and damaged to 
assess self-healing ability.  Limitations of this coating system are discussed.  Finally, a preliminary 
visual test of healing with amine fibers and epoxy microcapsules show color change, indicating 








4.5.  Figures 
 
 
Figure 4.1.  (a) Schematic of hollow capsule infiltration process. (b) optical micrographs of hollow 
capsules and amine-filled capsules after infiltration (courtesy of Wenle Li).  Micrographs show 
that materials produced from the hollow encapsulation process is not uniform and contain 
significant amounts of shell wall material debris.  After infiltration and further separation, very 
few amine capsules are observed.  The capsules were synthesized following an established 










Figure 4.2.  Diagram of color change of neutral red in amine before and after reaction with epoxy.  





Figure 4.3.  Schematic of epoxy capsule crush on amine fibers.  Amine fibers are deposited onto 
an aluminum coupon, epoxy capsules are placed onto the amine fiber mat, and the sample is 




Figure 4.4.  SEM images of polystyrene (shell)-Epikure 3274 amine (core) produced from 
electrospinning at voltage of 14 kV and flow rate of 5.0 µL/min (shell) and 3.0 µL/min.  The fiber 




Figure 4.5.  Size distribution of electrospun fibers containing amine healing agent based on SEM 




Figure 4.6.  TEM image of electrospun fiber containing amine healing agent showing the core-
shell structure.  The shell wall thickness is approx. 300 nm.   
 
Figure 4.7.  (a) Confocal fluorescence image of electrospun fibers containing fluorescently dyed 
amine healing agent. (b) Three-dimensional rendering of amine fibers constructed from confocal 




Figure 4.8.  TGA plot of PS-amine fibers (black), neat amine healing agent (red), PS fibers without 















Figure 4.9.  SEM images of (a, b) PVA-epoxy fibers and (c, d) PVA only fibers processed under 
similar conditions. PVA-epoxy fibers contain mostly smooth fibers with uniform diameter and 
some beaded fibers (mean diameter 0.39 µm ± 0.15 µm).  PVA only fibers were smooth with 








Figure 4.10.  Size distribution of electrospun fibers with and without epoxy healing agent based 
on SEM image analysis. The mean diameter is 0.39 µm ± 0.15 µm (core-shell), and 0.27 µm ± 
0.03 µm (shell only). 
 
Figure 4.11.  TEM image of electrospun fiber containing epoxy healing agent showing the core-




Figure 4.12.  Confocal fluorescence image of electrospun fibers containing fluorescently dyed 
epoxy healing agent 
 
Figure 4.13.  TGA plot of PVA-epoxy fibers (black), PVA fibers with epoxy (red), epoxy core 





Figure 4.14.  Confocal fluorescence image of electrospun fibers containing amine healing agent 
before (left) and after (right) mechanical damage. After damage, fluorescence is observed 





Figure 4.15.  SEM images of epoxy coating containing amine and epoxy fibers.  The coating was 
scratched using a corrocutter to produce a linear scribe and allowed to react for 24 hours before 




Figure 4.16.  Confocal fluorescence images of PVA-epoxy fibers with fluorescein dyed core 




Figure 4.17.  Optical images of amine fiber mat on aluminum, epoxy capsules, and crushed epoxy 
capsules on a mat of amine fibers.  The amine fibers contain neutral red dye that is yellow at pH > 
8 (unreacted amine) and changes to red at pH < 6.8 indicating consumption of amine and reaction 





CONCLUSIONS AND FUTURE WORK 
 
5.1.  Conclusions 
 Electrospun fibers were explored for use in autonomous materials systems in this 
dissertation.  Self-healing coatings and sacrificial template materials based on electrospun fibers 
were developed.  While there are some literature reports showing proof-of-concept for the use of 
electrospun fibers in self-healing materials, this work focused characterization to demonstrate 
successful self-healing performance.  Novel materials were developed and shown to have 
advantages over commercial and conventional methods.   
 Electrospun core-shell fibers containing siloxane-based chemistry were developed to 
demonstrate self-healing in a coating.  Two types of fibers were synthesized to encapsulate a two-
part chemistry for siloxane crosslinking.  Fiber morphology was characterized using several 
microscopy methods.  Scanning electron microscopy (SEM) showed fibers are randomly oriented 
and have an average diameter of 300 nm (type A, PDMS) and 400 nm (type B, DBTL catalyst).  
Transmission electron microscopy (TEM) fibers reveals distinctive core-shell morphology with 
estimated the volume fraction healing agent of approximately 41% for fiber type A and 12% for 
fiber type B.  Confocal fluorescence microscopy (CFM) confirmed uniform distribution of core 
material throughout the fibers and that most fibers contained core material.  Control of fiber 
morphology (i.e. presence of beads) was shown by varying experimental parameters, such as the 
solution flow rate for the shell material.  Coatings made of the two types of electrospun fibers were 
evaluated for self-healing behavior.  Visual analysis of the coatings showed significantly less 
corrosion on healed coatings in comparison to control coatings.  The healed region was chemically 
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verified for successful mixing of healing agents and presence of crosslinking by infrared 
spectroscopy microscopy.  Electrochemical characterization was used to quantify self-healing 
performance and the corrosion inhibition efficiency was 88%.   
Two polymer systems were developed as sacrificial templates for creating 
microvasculature: poly(lactic acid) (PLA) and cyclic poly(phthalaldehyde) (cPPA).  The 
degradable polymers were electrospun and characterized for fiber morphology and thermal 
degradation behavior.  PLA fibers were approx. 5.67 µm ± 4.33 µm (10 kV) and cPPA fibers were 
0.251 µm ± 0.139 µm (10 kV).  For both types of electrospun fibers, as the applied voltage 
increases, the fiber diameter decreases and the distribution gets narrower, indicating one parameter 
for control of fiber morphology.  TGA was used to study the degradation of cPPA and PLA fibers 
upon heating.  For cPPA, major weight loss (attributed to depolymerization and then vaporization 
of monomer) began around 110oC and plateaued at 130oC, resulting in a less than 1% mass 
remaining.   PLA fibers degraded around 320oC (without catalyst) and 200oC (with catalyst) with 
approx. 1-2% mass remaining.  Based on the thermal characterization, cPPA fibers degrade at 
lower temperatures (190oC lower than PLA and 90oC lower than PLA with catalyst) and with 
slightly less residual mass remaining.  Isothermal TGA experiments show that cPPA fibers are 
relatively stable (little weight loss) at 90oC but the fibers quickly degrade within 22 min. at 100oC 
and 11 min. at 110oC.  In PLA isothermal experiments, we observe almost complete degradation 
within 100 min. at 200oC (with catalyst) and very little change in weight loss (approx. 3%) for 
PLA fibers without catalyst.  TGA analysis reveals that PLA and cPPA are degraded at different 
temperatures, which suggest we can use these materials in different temperature applications (e.g. 
PLA can be processed at higher temperatures that may be suitable for high glass transition 
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temperature (Tg) epoxy materials, while cPPA could be incorporated in polymers with lower 
processing temperatures).  
The fibers were embedded into epoxy systems and evacuated to produce a vascular network 
of channels. In a room-temperature cured epoxy system, cPPA fibers remain intact after epoxy 
curing and can then be thermally or chemically treated to removed fibers.  In contrast, for the oven 
cured epoxy system, acid exposure is not needed to degrade the cPPA fibers and produce 
microchannels.  Rather, microchannels are observed simply after the cPPA fiber/epoxy composite 
samples are oven cured at 82oC for 1.5 hr and 121oC for 1.5 hr.  TGA was used to confirm that 
that cPPA fibers remain stable during the initial heating step (82oC) and the major weight loss 
occurs during the second heating step (121oC).  The cPPA fibers degrade at low enough 
temperatures that channels can be formed during the epoxy curing process rather than needing to 
be further processed to remove the fibers.  Moreover, the cPPA samples did not require a vacuum 
environment to have successful evacuation, unlike a commercial PLA system. For the PLA system, 
epoxy-fiber samples were first processed to cure the epoxy (82oC for 1.5 hr and 121oC for 1.5 hr) 
and then thermally processed to remove the PLA (200oC for 24 hr in vacuum).  Evacuation of both 
types of electrospun fibers was confirmed by filling the resultant channels with fluorescent dye 
and observing the samples using confocal fluorescence microscopy.  Lastly, electrospun cPPA 
fibers were also investigated as sacrificial templating materials in a frontal ring-opening metathesis 
polymerization (FROMP) system using dicyclopentadiene (DCPD).  In this work, we 
demonstrated utilization of the exothermic heat generated by the frontal polymerization to 





The success of self-healing electrospun fiber coating with siloxanes motivated further 
research in utilizing electrospinning to encapsulate self-healing agents – especially for materials 
that are challenging to encapsulate with traditional methods.  An important self-healing systems is 
based on epoxy/amine chemistry.  However, encapsulating amine chemistry is difficult with 
conventional microencapsulation methods.  In a typical microencapsulation procedure, amine 
interferes with the interfacial polymerization reaction and formation of the shell wall.  One of the 
major advantages of ES is the ability to simply use a polymer solution rather than synthesizing the 
shell wall via in-situ or interfacial polymerization.  This capability will circumvent the issue of 
amine interfering with the polymerization and shell wall formation present in microencapsulation.   
For our second self-healing coating system, we developed two types of core-shell 
electrospun fibers containing amine and epoxy healing agents, respectively.  Electrospun PS fiber 
containing amine core material were mostly smooth and had an average diameter of 3.0 µm and 
PVA fibers containing epoxy healing agent had both smooth and beaded fiber with average 
diameter of 0.39 µm.  Based on TEM image analysis, the shell wall thickness of PS-amine fibers 
is approx. 300 µm and PVA-epoxy fibers is approx. 34 nm.  Confocal fluorescence microscopy 
was also used to confirm presence of core material in a fiber mat.  Release of healing agents from 
fibers was observed by crushing the fibers and observing fluorescence of core material with 
confocal fluorescence microscopy.  Since there was limited healing behavior observed in the 
electrospun amine-epoxy fiber system, preliminary tests using epoxy capsules were conducted.  In 
a simple crush experiment, microcapsules containing epoxy (similar epoxy chemistry as PVA-
epoxy fibers) were crushed on top of pH-indicating PS-amine fibers.  Color change from yellow 
(pH > 8) to red (pH < 6.8) indicated release and reaction between epoxy capsules and amine fibers.  
Future work on epoxy-amine electrospun fiber systems would include optimization of epoxy fibers 
98 
 
for high core content in a fiber mat, which would improve epoxy release volume and therefore 
improve healing performance.  
 
5.2.  Future Work 
5.2.1.  Triggered Core-Shell Fibers 
 The release of encapsulated active agents is typically achieved through mechanical damage 
[3,47,94,97–99].  However, as there are many other forms of environmental damage, protective 
coatings must be able to respond to the environmental trigger to effectively provide protection.  
Environmentally responsive polymers as shell wall material is a strategy to add responsiveness to 
encapsulated systems.  In Chapter 3, electrospinning was demonstrated as a viable method to 
producing polymer fibers that could be degraded upon either acid or heat treatment.  Degradable 
polymers, such as PLA and cPPA, could be investigated as a potential chemically responsive shell 
material for triggered release of active material.  Preliminary results show that cPPA/silicone oil 
fibers can be produced using coaxial ES; however, due to the variability of synthesized cPPA 
polymer from batch to batch, results for electrospinning core-shell fibers have not been consistent.  
Future work with cPPA involves monitoring experimental conditions that may influence the 
electrospinning process (e.g. humidity and temperature) and polymer properties (e.g. age of 
polymer, molecular weight, synthesis conditions).  Another direction is to use commercial 
degradable polymers, such as the materials described in Appendix E.  Environmentally responsive 
systems could detect and respond at the early stages of damage, such as presence of certain ions 
produced in corrosion, and restore properties before a traditional mechanically-induced system 
would have responded.  Research in triggered release would not only further the self-healing 
materials field but other areas of research as well, such as drug delivery.   
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5.2.2.  Effect of Container Geometry on Healing Volume – Fibers Vs. Capsules 
 One advantage of ES is ability to draw healing agents from the fiber to the damage over a 
distance away from the damage area.  When a material with core-shell fibers is damaged, local 
healing agents will fill the damage. Over time, more healing agent can be drawn through the fibers 
and continue to fill the damage area. In contrast, microcapsule systems only release healing agents 
from individual microcapsules that are ruptured in the damage region. One could expect that the 
geometrical difference would allow a fiber based system to heal larger damage volumes than a 
microcapsule based system of commensurate size.  To test this hypothesis, coatings could be made 
with either capsule or fibers of similar diameter.  The coatings would be damaged with a 
corrocutter with varying damage loads to produce scratches of different sizes.  Self-healing of the 
coatings could be evaluated using microscopy (SEM and CFM to show presence of healing agents 
in damage area) and electrochemical characterization (linear polarization to determine corrosion 
current).  Additionally, the migration of core material in a fiber to the damage area can be tracked 
in a time-lapsed CFM experiment.  This time-lapsed fluorescence study would reveal migration 
behavior and the distance away from damage that the healing agent can still be drawn into the 
damage area.  A better understanding of the migration behavior of core materials along a fiber 
would help elucidate the damage volume range that can be healed using an electrospun core-shell 
fiber system.      
5.2.3.  Connectivity of Microvasculature from Electrospun Sacrificial Fibers 
 The sacrificial fibers produced from electrospinning presented in Chapter 3 were distinct 
and separate fibers.  Thus, the resulting microvasculature produced through these sacrificial 
templates were individual and unconnected channels.  Depending on the application, an 
interconnected network of channels can be more useful (e.g. transport of blood through connected 
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blood vessels) because a blockage in a channel could be detrimental to the material (e.g. blood 
clot).  The redundancy caused by the interconnectivity would help ensure flow of fluid.  In contrast, 
sometimes distinct channels are more appropriate, such as in filtration or separation of molecules.  
Connectivity of the fiber network can easily be modified by changing ES parameters, such as 
distance from the tip of the needle to the collector.  In ES, as the fluid jet travels from the needle 
tip to the collector, the jet dries through solvent evaporation and solidifies into a fiber.  During this 
process, the electrostatic forces on the fluid jet causes whipping instability that stretches and dries 
the fiber.  When the fiber reaches the collector, it is typically dry and most of the solvent has 
evaporated.  The distance can be varied to vary the drying time and path length of the fluid jet.  By 
decreasing the distance between the needle and the collector, fibers will not have sufficient time 
to dry completely before depositing onto the collector (and other fibers on the collector).  This will 
result in fused fibers; essentially the fibers are solvent welded together.  Another method to 
produce fused fibers is to use a solvent with low boiling point (i.e. solvent evaporates slowly).  The 
slow evaporating solvent will have a similar effect as decreasing the collection distance and fibers 
that reach the collector will have residual solvent.  Lastly, the fiber mat can be thermally or 
chemically treated after electrospinning to fuse the fibers together.  As the sacrificial fibers serve 
as template materials and produce a high-fidelity inverse replica, synthesizing a connected fiber 
mat will result in an interconnected microvasculature; the degree of connectivity in the 
microvasculature is dependent on how fused the sacrificial fibers are.  One potential avenue of 
research is in combining different size/shape sacrificial materials to produce more complex 
architectures.  For example, electrospun PLA fibers could be fused with another architecture, such 
as laser cut PLA sheets from our previous work [53], to produce a material with a large reservoir 
(from the laser cut PLA sheet) that fluid can flow through and into smaller channels (from 
101 
 
electrospun fibers).  In a collaboration with Anthony Coppola, we had explored combining laser 
cut PLA sheets with electrospun PLA fibers to give transpirational autonomic cooling function to 
a polymer matrix composite.  The proposed sample would have 3 layers: a structural composite 
(top layer), a vascular layer (middle layer, vasculature produced from PLA sheets), and a porous 
layer (bottom layer, vasculature produced from electrospun PLA fibers), similar to another system 
developed by Coppola [100].   Bonding the two types of sacrificial materials was possible, however 
complete evacuation of PLA was difficult and blockage of channels yielded poorly connected 
networks.  Future work in this area could involve optimizing the system for better evacuation or 
simply changing to a sacrificial material that did not require a catalyst and had better evacuation 
behavior (e.g. cPPA).   
5.2.4.  Base Amplifying Systems 
One limitation for self-healing strategies that involve encapsulated healing agents is the 
ability to heal large volumes.  The fibers and capsules that contain healing agents are typically in 
the micrometer size regime and can only heal commensurate sized damage regions.  To address 
this issue, we proposed a strategy to amplify the amount of amine present and accelerate diffusion 
of the amine in the material, after a damage event by the addition of small molecules that can be 
catalyzed and converted to amines.  This project is a collaboration with Dr. Paul Braun and Shuqi 
Lai, who recently developed a suite of base amplifiers.   When damaged, the fibers in the coating 
rupture and release amine healing agent into damage zone.  Base amplifiers present in the matrix 
are triggered by the release of amine and the amplifier molecule and are converted to additional 
amine molecules.  The amine generated from the base amplifier can also catalyze further 
decomposition of more base amplifiers.  Since the base amplification system is designed to be 
sensitive to small amounts of amine released, the encapsulated amine needs to be well contained 
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inside a polymer shell wall.  However, encapsulating amine chemistry is rather difficult with 
conventional microencapsulation methods.  While there have been some demonstrations that 
amine capsules can be synthesized using other methods (such as inverse emulsion and hollow 
capsule infiltration), these systems are still difficult to implement because amine stabilization is a 
challenge and microcapsule yield is low.  Capsule produced through infiltration are porous, which 
causes reactive agents to leak and would not be suitable for a sensitive application such as in a 
base-amplifying system.  In contrast, one of the major advantages of ES is the ability to simply 
use a polymer solution rather than synthesizing the shell wall via in-situ polymerization.  This 
capability circumvents the issue of amine interfering with the in-situ polymerization and shell wall 
formation present in microencapsulation.  This project is an example that highlights the advantages 













ELECTROSPINNING EXPERIMENTAL SETUP 
 
A.1.  Basic Electrospinning Setup 
 The electrospinning setup used for all experiments in this work was custom-made and built 
in-house, shown in Fig. A.1. The components in the setup include: syringe pumps (KDScientific, 
Model 780101), high voltage power supply (Spellman, Bertan Series 230), coaxial needle (Linari 
Biomedical, Model COAX-2DISP, inner (core) needle: outer diameter (OD)/inner diameter (ID) 
= 0.83mm/0.51 mm, outer (shell) needle: OD/ID = 1.83 mm/1.37 mm), polypropylene luer lock 
couplings and chemical-resistant poly(vinyl carbonate) (PVC) Tygon tubing (OD/ID = 4.76 
mm/1.59 mm), and syringes of varying sizes (3 mL – 10 mL, BD scientific).  All samples are 
electrospun using a vertical (upward) orientation to prevent solution droplets from falling into the 
collector as opposed to being drawn electrostatically.   
A.2.  Needles 
A.2.1.  Needle Selection 
For single material electrospinning (PLA, cPPA), a blunt tip needle was used (15 gauge to 
22 gauge).  For core-shell electrospinning, the coaxial needle was used (shown in Fig. A.2a). One 
advantage of electrospinning is the ability to easily scale up fiber production. Needle geometry is 
one method to increase throughput.  Fig. A.2 shows some of the needle geometries that were tested 
for mass producing PLA fiber mats.  Based on SEM analysis of fiber diameters, we found that the 
circular needle geometry (Fig. A.2c) was the most reliable (least amount of needle tip clogging).   
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A.2.2.  Needle Tip Observation and Parameter Optimization 
During the spinning process, we can observe the needle tip and solution droplet using a 
camera.  This allows us to observe the Taylor cone formation to adjust experimental parameters 
for optimal fiber production.  For example, a critical voltage must be met or exceeded in order for 
sufficient electrostatic forces to enable a fluid jet to form and draw out fibers from the solution.  
Fig. A.3 shows a camera image of the needle and solution droplet during electrospinning process.  
Fig. A.4 shows several images of needle tips that suggest the experimental parameters are not 
optimal at those conditions: a) no Taylor cone is present, suggesting the critical voltage has not 
been met (need to increase voltage), b) core material does not seem to be incorporated and only 
shell material is being drawn (need to increase core material flow rate or decrease shell material 
flow rate), and c) multiple jets are observed (voltage is too high).  We can also observe when the 
solution flow rates are too high and the droplet falls off the needle (time lapsed images shown in 
Fig. A.5).   
A.3.  Collectors 
 One way to change the fiber orientation is through collector selection.  Due the modular 
nature of the electrospinning setup, we can easily switch collectors.  For most experiments, a flat 
aluminum or stainless steel collector was used (as shown in Fig. A.1).  However, for TEM sample 
preparation and PLA aligned fibers (Chapter 3), a parallel plate collector was used (shown in Fig. 
A.6).  During electrospinning, the fibers span the gap between the metal plates, causing them to 
uniaxially align. These suspended fibers are either deposited onto a TEM grid by gently lifting the 
TEM grid between the gap or deposited onto a glass substrate for epoxy composite fabrication. 
The gap size of the parallel plate collector can vary from millimeters to a few centimeters, although 
for our experiments we used collectors with gap size from 5 mm to 2 cm.   
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A.4.  Figures 
 
 
Figure A.1.  Experimental electrospinning setup containing coaxial needle, two syringe pumps, 















Figure A.2.  Images of different needles used for electrospinning: a) coaxial needle (OD 1.83 mm), 
b) linear manifold needle (OD 0.71 mm), c) custom made circular multineedle (OD 0.71 mm).  




Figure A.3.  Camera image of needle tip and solution droplet showing compound Taylor cone of 





Figure A.4.  Camera images of needle tip and solution droplet during electrospinning: a) no Taylor 
cone is present, suggesting the critical voltage has not been met (need to increase voltage), b) core 
material does not seem to be incorporated and only shell material is being drawn (need to increase 
core material flow rate or decrease shell material flow rate), and c) multiple jets are observed 
(voltage is too high).  Outside diameter of needle is 1.83 mm.  
Figure A.5.  Time lapsed camera image of needle tip and solution droplet showing droplet falling 


























FLUORESCENCE IMAGING OF RUPTURED FIBER 
 
B.1.  Fluorescence Imaging of a Ruptured Fiber 
One method to observe liquid healing agent release from fibers is confocal fluorescence 
microscopy. The core material is fluorescently dyed prior to electrospinning to produce fibers 
containing fluorescent liquid core.  In this experiment, we observe a single fiber on a glass substrate 
and mechanically rupture the fiber using a razor blade.  After 10 mins, we observe the fiber under 
the confocal fluorescence microscope and see the release of liquid core material at the ruptured 
end (Fig. B.1a).  The confocal fluorescence image slices can be compiled to construct a three-
dimensional rendering of the ruptured fiber (Fig. B.1b).  At the ruptured end of the fiber, we can 




Figure B.1.  a) Confocal fluorescence image of ruptured core-shell fiber with fluorescently dyed 




SUPPORTING INFORMATION FOR POLY(LACTIC ACID) FIBERS 
 
C.1.  Solid Catalyst 
 In Chapter 3, the catalyst used to improve decomposition of PLA was liquid tin 
ethylhexanoate (octoate).  However, prior experiments and other applications for PLA as a 
sacrificial material use solid tin oxalate [53].  PLA fibers with liquid or solid catalyst were 
electrospun and characterized for thermal degradation using TGA.  Based on TGA analysis, we 
observe that the PLA fibers with liquid catalyst at 5% concentration (by wt. of polymer) has a 
degradation temperature over 100oC lower than PLA fibers with the solid catalyst at the same (5%) 
or higher (10%) concentration (Fig. C.1a).   Moreover, there is not significant decrease in 
performance (decrease degradation temperature) from a 5% to 10% increase in solid catalyst.  The 
degradation time at constant temperature (200oC) also shows significant difference based on type 
of catalyst. Isothermal TGA shows that PLA fibers without catalyst barely degrade at 200oC (about 
10% weight loss after 900 min), with 10% solid catalyst takes 750 min with 14% weight remaining, 
and with 5% liquid catalyst takes only 95 min with 7% weight remaining (Fig. C.1b).  Moreover, 
we observed that PLA fibers containing solid catalyst had irregular inclusions along the fiber, 
which suggest solid tin catalyst particles accumulate in portions of the fiber (Fig. C.2).  Based on 
visual observation of the electrospinning solution, solid tin catalyst particles were present and not 
well-dissolved in the solution.  In contrast, fibers made with the liquid catalyst were uniform in 
diameter (see Chapter 3, Fig. 3.3).  Thus, all future experiments utilized the liquid catalyst due to 
lower thermal degradation time and temperature, as well as improved incorporation into the 
electrospinning solution.   
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C.2.  Varying Catalyst Concentration 
After we decided to pursue the liquid catalyst, we conducted a study to identify an optimal 
concentration of catalyst for subsequent experiments.  PLA fibers were electrospun under similar 
conditions as reported in Chapter 3.  For each PLA solution, a 25% by weight solution of PLA and 
tin ethylhexanoate catalyst (2.5%, 5%, 7.5%, 10% by weight, respectively, with respect to PLA) 
in solvent (3:1 by volume chloroform/acetone) was prepared by dissolving the PLA powder and 
catalyst in solvent and allowed to stir for 24 hours before use.  TGA characterization was 
performed on all the PLA fibers at different concentrations (25oC to 650oC ramp at 10oC/min).  
Based on the TGA data, we can determine the onset degradation temperature (temperature at which 
weight loss begins) and degradation time (time at which weight loss ends).  Based on the TGA 
analysis, we can construct a box plot of the onset temperature and degradation time vs. catalyst 
concentration (Fig. C.3).  TGA analysis suggests that after 5% catalyst concentration we observe 
no significant improvement for onset degradation temperature or degradation time.  Thus, all 










C.3. Figures  
 
 
Figure C.1.  a) dynamic TGA experiments of PLA fibers with no catalyst (black), 5% solid catalyst 
(orange), 10% solid catalyst (red), and 5% liquid catalyst (blue).  b) Isothermal TGA at 200oC for 
900 min of PLA fibers with no catalyst (black), 10% solid catalyst (red), and 5% liquid catalyst 
(blue).   
 
 
Figure C.2.  SEM image of PLA fiber with 10% solid catalyst.  Most fibers have uniform diameter, 




Figure C.3.  Box plot based on TGA data of (a) onset temperature and (b) degradation time vs. 















SUPPORTING INFORMATION FOR  
CYCLIC POLY(PHTHALALDEHYDE) FIBERS 
 
D.1.  Surface Morphology of cPPA Fibers 
D.1.a.  Round vs. Flat Fibers 
 Fiber morphology can influence final material properties.  For cPPA fibers, we observed 
two distinct fiber morphologies: flat (ribbons) and round fibers.  In Fig. D.1, SEM images of both 
types of morphologies are shown.  Both fibers were processed under similar conditions (voltage: 
10 kV, flow rate: 10 µL/min, 16% polymer concentration, tip-to-collector distance 15 cm), 
however the final of the fibers differ.  The other variable that could account for this difference is 
polymer molecular weight.  For the round fibers (Fig. D.1a, D.1b), the molecular weight was 82 
kDa, while the molecular weight for the flat fibers were 76 kDa (Fig. D.1c, D.1d).  The molecular 
weight difference for these two samples do not seem significantly different (76 kDa vs. 82 kDa), 
so it is possible there are other factors (such as impurities from polymer synthesis) that could 
influence the morphology.  Control of molecular weight of cPPA is difficult and varies across 
batches, since the effects of synthesis conditions have not been fully elucidated.  For the epoxy-
fiber samples, each cPPA polymer batch was electrospun to see if round fibers could be generated.  
Only round fibers were used for epoxy samples and polymers that only produce flat fibers (after 
several attempts of optimization) were repurposed or recycled.  
D.1.b. Solvent effects On Surface Morphology 
 One of many experimental parameters that can be varied to affect surface morphology is 
solvent selection.  Literature examples have shown that solvent selection can change whether 
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fibers are formed (electrospinning) vs droplets (electrospraying), as well as changes to other 
parameters such as fiber diameter [30,92,101].   In our experiments, we screened several common 
electrospinning solvents and found two solvents that were compatible with the cPPA polymer.  
Dichloromethane (DCM) and dimethylsulfoxide (DMSO) were both able to disperse cPPA to 
create a homogeneous solution that could be electrospun.  SEM images of fibers from DCM and 
DMSO are shown in Fig. D.2.  Under similar processing conditions, cPPA fibers electrospun from 
DCM have a smoother surface morphology (Fig. D.2a, D.2b) while cPPA fibers from DMSO have 
a rougher surface (Fig. D.2c, D.2d).  One possible explanation for the difference in surface texture 
may be from difference of solvent volatility.  As the fluid jet travels from the needle tip to the 
collector, the jet dries through solvent evaporation and solidifies into a fiber.  During this process, 
the electrostatic forces on the fluid jet causes whipping instability that stretches and dries the fiber.  
When the fiber reaches the collector, it is typically dry and most of the solvent has evaporated.  
For volatile solvents like DCM, we expect a smooth morphology due to near complete evaporation 
of the solvent by the time the fiber reaches the collector.  However, for less volatile solvents like 
DMSO, the fibers that reach the collector may still be wet and contain solvent.  As the solvent 
continues to evaporate, the surface of the fiber may change since the evaporation may not be 
uniform and there is no stretching force from electrostatics to give the fibers a smooth surface.  
Another observation from this study is that cPPA fibers from DMSO are also smaller in diameter.  
The effects of solvent on fiber morphology remain unclear, as each polymer system differs and 
comparisons are difficult to make, but several reports attribute solution conductivity and viscosity 




D.2.  Core-Shell cPPA Fibers 
 The release of encapsulated active agents is typically achieved through mechanical damage 
[3,47,94,97–99]. However, as there are many other forms of environmental damage, protective 
coatings must be able to respond to the environmental trigger to effectively provide protection.  
Environmentally responsive polymers as shell wall material is a strategy to add responsiveness to 
encapsulated systems. Research in environmentally responsive polymers has been utilized in many 
applications, such as drug delivery and agriculture [102–106]. Some of the environmental stimuli 
for these polymers include: biological (enzymatic degradation of polymer) [107,108], chemical 
(change in pH, oxidation-reduction reactions) [102,103,109–111], light (change in conformation, 
bond cleavage) [112], thermal (melting or decomposition) [102,104,105], electrical (change in 
electrostatic interactions, oxidation-reduction reactions) [113,114].  One common class of pH-
responsive polymers is poly(acrylic acid). Poly(acrylic acid) has carboxylic acid functional groups 
that can be protonated/deprotonated based on pH.  The change of the protonation state causes 
mobile counterions to neutralize the charged polymer network, resulting in change of osmotic 
pressure (swelling of polymer) [115].   
Recent advances in microcapsules have been in utilizing responsive polymer shell walls. 
The common approaches for polymer shell wall breakdown are change in solubility of polymer, 
removal of cross-linkages, and depolymerization. Abbaspourrad et al. produced pH-sensitive 
capsules with diblock copolymer of poly(acrylic acid) and poly(methyl methacrylic acid) using 
microfluidics [116]. The capsules were shown to release core contents (fluorescent dye) when 
exposed to basic pH > 7, as the polymer chains in the shell wall become charged and repel each 
other. The rate of dissolution and release of contents could be modified by varying the shell wall 
thickness or adding a pH-unresponsive polymer into the shell wall.  Gao et al. reported a redox-
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responsive polysaccharide microcapsule that could be used for drug delivery [117]. These redox-
responsive capsules were prepared by layer-by-layer deposition of a negatively charged modified 
polysaccharide and a positively charged biomolecular crosslinker containing disulfide bonds onto 
porous CaCO3 microparticles that acted as sacrificial templates. This system could be used to 
produce hollow capsules or when drugs are loaded into the porous microparticle templates, could 
be used to carry small molecule drugs. Upon addition of reducing agent, dithiothretol (DTT), 
disulfide bonds in the crosslinker were broken causing the microcapsules to become more porous 
and release the drug-payload. As corrosion is typically accompanied with a change in pH, we 
investigated the use of pH-responsive polymers as shell wall material for electrospun fibers. 
In Chapter 3, electrospinning was demonstrated as a viable method to producing polymer 
fibers that could be degraded upon either acid or heat treatment.  Since cyclic poly(phthalaldehyde) 
(cPPA) was shown to be a promising degradable fiber material, it was investigated as a potential 
chemically responsive shell material for triggered release of active material.  For successful 
synthesis of core-shell fibers, several material properties must be considered for core material 
selection.  First, the core material must be stable and not react with cPPA.  This consideration 
eliminated strong acids and highly reactive material from our study.  Second, the core material and 
the cPPA solution must be immiscible.  For distinct core-shell formation to occur, the solutions 
cannot mix during the ES process.  Third, the viscosity of the core material must be similar to the 
cPPA solution.  The core material is incorporated in the fiber primarily by shear stress from the 
shell solution.  Thus, if the viscosity of the core material is too high, the force exhibited by the 
shell solution will be insufficient to incorporate core material into the fibers.  With all of these 
considerations, silicone oil was selected as a potential core material as silicone oil is also available 
in different viscosities.  Preliminary results show that cPPA/silicone oil fibers can be produced 
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using core-shell ES (Fig. D.3.).  SEM shows that these fibers have a rough surface and are around 
350-500 nm in diameter.  TEM analysis shows that these fibers indeed have core-shell structure, 
as shown in Fig. D.4.  TGA also confirms both core and shell material present in the cPPA-silicone 
oil fibers, with two major weight loss steps attributed to the core and shell materials (Fig. D.5).  
This results indicate cPPA has potential to be coaxially electrospun and used as a shell material.  
However, due to the variability of synthesized cPPA polymer from batch to batch, results for 
electrospinning core-shell fibers have not been consistent.  Future work involves monitoring 
experimental conditions that may influence the electrospinning process, such as humidity, 
temperature, and age of polymer.  DMSO was chosen as a solvent for cPPA because it readily 
dissolves the solid polymer and has appropriate properties for electrospinning (i.e. good electrical 
conductivity, viscosity, and volatility).  However, DMSO readily dissolves many chemicals which 
limits the options for core materials, as one criterion for material selection is immiscibility between 







D.3.  Figures  
 
Figure D.1.  SEM images of cPPA electrospun fibers from 16% cPPA in DCM, flow rate: 10 













Figure D.2. SEM images of cPPA electrospun fibers made using different solvents: (a, b) 










Figure D.3.  SEM images of cPPA (shell) – silicone oil (core) electrospun fibers.  Fibers are 
randomly oriented and have a rough surface.  
 
  
Figure D.4.  TEM image of cPPA (shell) – silicone oil (core) electrospun fibers.  Core-shell 




Figure D.5.  TGA of cPPA (shell) – silicone oil (core) electrospun fibers compared to cPPA fibers 




ELECTROSPINNING OF OTHER RESPONSIVE POLYMERS 
 
E.1.  Eudragit 
 In an effort to develop environmentally responsive core-shell electrospun fibers, we 
explored some commercial polymers.  One industry that utilizes pH responsive polymers is 
medicine, especially for targeted drug delivery.  Eudragit polymer series from Evonik contains 
methacrylate based polymers for drug delivery, specifically for colon and gastric targeting.   This 
polymer series contains tunable copolymer variations that control the time and pH of polymer 
dissolution.   
For our studies, we selected Eudragit E100, which is soluble at pH < 5.0.   We evaluated 
three solvents to make Eudragit solutions for electrospinning: tetrahydrofuran (THF), ethanol 
(EtOH), and dichloromethane (DCM).  SEM images of electrospun Eudragit solutions from 
different solvents are shown in Fig. E.1.  Under similar processing conditions (25% by wt. polymer 
concentration, flow rate: 10 µL/min, voltage: 12 kV, tip-to-collector distance: 15 cm), we can 
observe that the morphology of the electrospun products vary significantly with solvent selection.  
Materials made from THF solution are collapsed droplets, indicated electrospraying as opposed to 
electrospinning occurred (Fig. E.1a, E.1b).  This is morphology is observed when the Rayleigh 
instability of the fluid jet is stronger than the tensile strength of the polymer that the jet breaks up 
into droplets instead of elongating.  For ethanol based solution, beaded fibers are observed. This 
result is more promising than the THF solution and indicates we have successful electrospinning.  
The beading morphology is often seen in literature as an effect of viscosity and increasing the 
viscosity (by increasing polymer concentration) would eliminate or reduce beading [89].  
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However, the Eudragit solution is reaching saturation at 25% by wt and the concentration cannot 
be increased significantly.  For the DCM based solutions, we observe straight and uniform 
diameter fibers that contain no beads.  This is the most promising morphology out of the three 
solvents, however the DCM solvent dries rapidly and clogs the needle tip resulting in low yield.  
For experiments after this point, we used the ethanol based solution as it produced high yield fibers 
(enough to make fiber mats that could be handled).   
 Eudragit fibers from ethanol are 3.59 µm ± 1.60 µm in diameter (not including the beads 
for measurements) based on SEM image analysis.  We can measure the diameters of the fibers 
from SEM and construct a size distribution of the fiber diameter (Fig. E.2).  Thermogravimetric 
analysis of the electrospun Eudragit fibers compared to the as-received Eudragit bulk polymer 
granules show nearly identical thermal behavior, indicating the electrospinning process has not 
altered the thermal properties of the Eudragit significantly (Fig. E.3).  We observe two distinct 
major weight loss steps, which we attribute to the different polymer groups in this co-polymer 
(dimethylaminoethyl methacrylate, butyl methacrylate, and methyl methacrylate groups).   
 In a preliminary attempt to evaluate Eudragit fiber response to solvents of different pH, we 
performed a simple experiment consisting of dropping solvent on the fiber mats.  Eudragit E100 
fibers were electrospun from ethanol to produce mats of approx. 1 mm thickness. Three different 
liquids were chosen: DI water, ethanol (acid and solvent for Eudragit), and trifluoroacetic acid 
(TFA, strong acid).  For each liquid, we add 2 drops of liquid onto the fiber mat and allow 30 
seconds for the liquid to penetrate the fiber mat before taking an optical image (Fig. E.4).  We 
observe that the water droplet only sits on the fiber and does not readily solubilize the fiber mat as 
expected.  Since the polymer is reported to be soluble in pH < 5.0, we expect to see dissolution of 
polymer and visual changes for ethanol and TFA.  Samples were allowed to react and evaporate 
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for 24 hours before imaging under SEM.  Fig. E.4 shows the SEM images of the fiber mat in 
regions with and without liquid droplet exposure.  The fiber mat exposed to water show little 
morphological change, but we do observe some distinct fibers fusing together (Fig. E.4b).  For 
ethanol samples, we see there is a clear boundary between the region that was exposed (smooth 
film) and not exposed (intact fibers) to ethanol (Fig. E.4c).  Lastly, the TFA samples appear to 
have completely reacted with the electrospun fibers (Fig. E.4d).  Fibers no longer remain visible 
and only a polymer film is left.  These results are promising and show that electrospun Eudragit 
fiber may be able to be used as a potential shell wall material for a pH responsive application.   
 
E.2. PVBCS 
 In another attempt to explore potential stimuli responsive polymers for core-shell fibers, 
we investigated an in-house synthesized polymer developed by Jeff Moore’s group.  Poly(vinyl 
carbonate sulfones) were shown to have some potential in thermal degradation applications.  Four 
isomers of poly(vinyl butyl carbonate sulfone) were developed for these applications.  Of the four, 
two seemed promising for electrospinning due to their higher molecular weight (approx. 280 kDa).  
The chemical structure of the two polymers are shown in Fig. E.5.  Poly(vinyl iso‐butyl carbonate 
sulfone) (PViBCS, MW 287 kDa) and poly(vinyl n‐butyl carbonate sulfone) (PVnBCS, 273 kDa) 
were electrospun in THF (15% by wt. for PViBCS, 17% by wt. for PVnBCS) at flow rate of 10 
µL/min, 15 cm tip-to-collector distance, and voltage from 10 kV to 16 kV, respectively.  SEM 
images of PViBCS and PVnBCS electrospun fibers are shown in Fig. E.6.  Fibers of PViBCS were 
uniform in diameter but had a rough, striated surface (Fig. E.6a, E.6b), whereas PVnBCS fibers 
were heavily beaded and the beads were collapsed.  The spinning behavior of PVnBCS was not 
stable so the yield was low, so this polymer was not further studied.  Since PViBCS seemed 
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promising, we studied the effect of voltage on fiber diameter.  Fig. E.7 shows size distribution 
plots of fiber diameter for several different voltage conditions.  We observe that fiber diameter is 
approx. 1.79 µm ± 0.18 µm and the diameter decreases and distribution gets narrower with 
increased voltage. These results seem promising, but the yield for bulk polymer synthesis was not 
high and the molecular weight varied among batches, so we did not further explore this polymer.   
 
E.3. PNIPAM 
 In a collaboration with Subing Qu from Paul Braun’s group, we explored electrospun 
poly(N-isopropylacrylamide-co-acrylic acid) (poly(NIPAM-co-AA) fibers for switchable wet 
electronic applications, specifically for temperature sensors and flow batteries.  PNIPAM has been 
known for temperature-dependent material properties [102,105,109,118,119].  The goal of the 
project was to develop a fiber-colloid system that could reversibly change properties (such as 
binding affinity of fiber to colloid) upon temperature changes. The samples were prepared by 
dissolving commercially available poly(NIPAM-co-acrylic acid) (15 mol % acrylic acid, 85 mol 
% NIPAM) in DI water to make a 3.5 % by wt. polymer solution, then 8 mol % 1,4-butanediol 
diglycidyl ether was added as a crosslinker, and 0.01 % by wt. Rhodamine 6G dye was added for 
imaging.  This solution was allowed to stir for 24 hours before use.  The solution was electrospun 
onto aluminum foil under the following conditions: flow rate of 10 µL/min, tip-to-collector 
distance of 15 cm, voltage of 15 kV, duration 2 hrs, SEM images of the fibers are shown in Fig. 
E.8.  We observe smooth fibers with uniform diameter that are produced with high yield 
(electrospinning process was continuous and stable).  The operating voltage was varied from 14 
kV to 20 kV and the fiber diameters were measured to evaluate the effect of voltage.  Fig. E.9 are 
size distribution plots of fibers produced at varying voltages.  The average fiber diameter is 
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typically 0.60 µm ± 0.08 µm and there is not significant variation among the different voltage 
conditions.   
After the fibers were synthesized, we explored their use for our switchable electronics 
application.  First, the fibers were thermally treated 90oC for 4hrs to thermally crosslink the fibers 
to reduce swelling in the aqueous environment.  Next, a carbon colloid suspension with particles 
of ~ 450 nm diameter spheres were deposited onto the fiber mat.  The solvent was allowed to dry 
and colloidal particles penetrated the electrospun fiber network.  The dried samples were imaged 
under SEM and shown in Fig. E.10.  The reversibility of the fiber-colloid binding was tested but 






E.4.  Figures 
 
 
Figure E.1.  SEM images of electrospun Eudragit E100 samples in different solvents. Eudragit 
fibers made using (a, b) tetrahydrofuran (THF), (c, d) ethanol, (e. f) dichloromethane (DCM).  
Figure E.2.  Histogram of fiber diameter of electrospun Eudragit E100 fibers from DCM.  Mean 





Figure E.3.  TGA plot of electrospun Eudragit E100 fibers from ethanol (red) and as-received 
Eudragit polymer pellets (black).  Thermal degradation of electrospun fibers are similar to the 
















Figure E.4.  Optical and SEM images of electrospun Eudragit fiber mat (a) before solvent addition 








Figure E.5.  Chemical structure of Poly(vinyl iso‐butyl carbonate sulfone) (PViBCS) and 
poly(vinyl n‐butyl carbonate sulfone) (PVnBCS). 
  
Figure E.6.  SEM images of electrospun (a, b) poly(vinyl iso‐butyl carbonate sulfone) (PViBCS) 
fibers and (c, d) poly(vinyl n‐butyl carbonate sulfone) (PVnBCS).  Electrospinning conditions 
were: 15% PViBCS in THF, voltage: 10 kV, flow rate 10 µL/min, 15 cm tip-to-collector distance.  





Figure E.7.  Size distribution of electrospun poly(vinyl iso‐butyl carbonate sulfone) (PViBCS) 
fibers from 15% PViBCS in THF, 10 µL/min, 15 cm tip-to-collector distance, and voltages of (a) 












Figure E.8.  SEM image of poly(N-isopropylacrylamide-co-acrylic acid) (poly(NIPAM-co-AA) 
electrospun fibers from 3.5% (poly(NIPAM-co-AA) in water crosslinked with 8 mol % with 1,4-
butanediol diglycidyl ether at flow rate: 10 µL/min, voltage: 15 kV, tip-to-collector distance: 15 













Figure E.9.  Size distribution of electrospun poly(NIPAM-co-AA)) fibers from 3.5% 
poly(NIPAM-co-AA) in water crosslinked with 8 mol % with 1,4-butanediol diglycidyl ether, flow 
rate: 10 µL/min, 15 cm tip-to-collector distance, and voltages of (a) 14 kV, (b) 16 kV, (c) 18 kV, 





Figure E.10.  SEM image of carbon colloidal particles on electrospun poly(NIPAM-co-AA)) fibers 















CONTACT ANGLE MEASUREMENTS 
 
F.1.  Contact Angle Measurements for Self-Healing Agents 
 Self-healing relies on the ability of the encapsulated liquid healing agent to release and wet 
the polymer matrix or coating substrate.  One method of characterizing wetting behavior is through 
contact angle measurements.  The healing agents used in Chapter 2 and 4 were characterized for 
their contact angle with the various surfaces that the healing agents would interact with in a 
coating.  For the self-healing system in Chapter 2, contact angle measurements of liquid healing 
agents for type A (PDMS) and B (DBTL) were measured with three different surfaces: poly(vinyl 
alcohol) (PVA, shell wall material) coating on steel, bare steel, and silicone coating on steel.  For 
self-healing system in Chapter 4, contact angle measurement of liquid healing agents for type A 
(Epikure 3274, amine) and B (80% by wt. Epon 828 and 20% by wt. Epodil 742, epoxy) were 
measured with three different surfaces: shell wall material coating on steel (polystyrene for type 
A and poly(vinyl alcohol) for type B), bare steel, and Spurr epoxy.  The experiments were 
performed in air.  For all contact angle measurements, a drop (~ 5 µL) of healing agent was 
deposited onto the surface of interest and allowed at least 5 sec to relax.   
Representative optical images of contact angle measurements are shown in Fig. F.1 
(PDMS and DBTL healing agents) and Fig. F.2 (amine and epoxy healing agents).  The reported 
contact angles were averaged over at least 6 measurements.  For PDMS healing agent, the contact 
angles (in degrees) observed were 10 ± 3 (PVA), 12 ± 4 (steel), and 16 ± 3 (silicone).  For DBTL 
healing agent, the contact angles (in degrees) observed were 21 ± 4 (PVA), 15 ± 3 (steel), and 32 
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± 4 (silicone).  For PDMS and DBTL healing agents, we observe that PDMS strongly wets all 
surface materials, while DBTL strongly wets steel and PVA but wets less on silicone.  For amine 
healing agent, the contact angles (in degrees) we observe are 39 ± 4 (polystyrene), 8 ± 2 (steel), 
and 27 ± 5.  For epoxy healing agent, the contact angles (in degrees) observed were 21 contact 
angles (in degrees) observed were 21 ± 3 (polyvinyl alcohol), 20 ± 3 (steel), and 42 ± 7 (Spurr 
epoxy).  The amine healing agent very strongly wets steel, but also wets the polystyrene shell wall 
material and Spurr epoxy matrix to a lesser extent.  The epoxy healing agent wets the polyvinyl 
alcohol shell wall material and the steel to a similar degree, but also wets Spurr epoxy matrix to a 
lesser extent.    
A summary plot of the contact angle measurements is shown in Fig. F.3.  For DBTL, 
amine, and epoxy, the healing agent has a lower contact angle with steel than the shell material, 
which indicates a preference of the healing agent to leave the shell wall material and migrate to 
the steel.  In all cases, the healing agent strongly wets the steel, which is important for self-healing 
performance and re-protection of the steel substrate.  For the PDMS/DBTL healing system that 
was demonstrated to self-heal a coating, we observe similar wetting behavior of the healing agent 
with the shell material and the steel.  One might expect that if the healing agent strongly wets the 
shell material, capillary forces would retain the healing agents inside the fiber and hinder healing 
agent release.  However, due to the tensile elongation of the solution droplet during 
electrospinning, it is possible that the fibers have residual compressive stresses that causes the 
healing agents to be push out of the fibers.    For the amine/epoxy system, where healing agent 
release into a scribed region is not observed, the healing agent affinity to the shell wall material 




F.2.  Figures 
 
 
Figure F.1.  Representative contact angle measurement images of PDMS and DBTL healing agents 
on three different substrates: shell wall material (polyvinyl alcohol on steel), bare steel, and 




Figure F.2.  Representative contact angle measurement images of amine and epoxy healing agents 
on three different substrates: shell wall material on steel (polyvinyl alcohol for epoxy and 





Figure F.3.  Summary plot of contact angle measurement data for PDMS, DBTL, amine, and epoxy 
on different surfaces.  The averages of the contact angles are shown with standard deviation error 
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